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com pounds, w i th  d i f f e r e n t  g o a ls  f o r  e a c h  s tu d y .  The s p e c t r a  o f 
n e a r l y  f i f t y  am ines have  been  re c o rd e d  f o r  d i f f e r e n t  r e a s o n s ,  
s u c h  a s  th e  m echanism  by w h ich  r a d i c a l  c a t i o n s  a r e  s t a b i l i z e d ,  
c o n fo r m a t io n a l  a n a l y s i s ,  and d rug  a c t i v i t y .  E ig h t  e x o c y d i c  
a lk e n e s  w ere s tu d i e d  to  c o r r e l a t e  th e  it IP s w i th  r e a c t i v i t i e s  and 
r e g l o s e l e c t i v i t i e s  In  1 ,3 - d i p o l a r  c y c lo a d d l t i o n s  w i th  
p a r a - n i t r o b e n z e n e s u l f o n y l  a z id e .  T h i r t e e n  benzene  d e r i v a t i v e s  
w ere  s tu d i e d  i n  an  a t te m p t  to  c o r r e l a t e  IP s  w ith  p h o to c h e m ic a l 
r e a c t i v i t i e s .
I I .  T h e o r e t i c a l  s t u d i e s  o f  q u in o n e s , to  e v a lu a te  th e  p o t e n t i a l  
s t a b i l i t y  o f  a  l i t t l e  known c l a s s  o f  com pounds, th e  q u in o n e s  o f  
a z u le n e .  S u b s t iu te d  b e n z o q u ln o n e s  and n a p h th o q u in o n e s  w ere 
s tu d i e d  to  e x p la in  t h e i r  r e g l o s e l e c t i v i t i e s  to w ard  a t t a c k  by 
n u c le o p h i l e s  u s in g  f r o n t i e r  m o le c u la r  o r b i t a l  th e o r y .
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ABSTRACT
M e t h y l - s u b s t i t u t e d  p i p e r i d i n e s ,  o x a n e s , 1 , 3 - d io x a n e s , and 
c y c lo h e x a n o n e s  w ere s tu d i e d  by p h o to e le c t r o n  s p e c t r o s c o p y  ( p e s )  to  
d e te rm in e  th e  m echanism  by w h ich  a lk y l  g ro u p s  s t a b i l i z e  r a d i c a l  
c a t i o n s .  H y p e rc o n ju g a tio n  was found to  be th e  do m in an t m echanism , 
w h i le  i n d u c t iv e  e f f e c t s  and c h a rg e - in d u c e d  p o l a r i z a t i o n  w ere 
i n d i c a t e d  to  be l e s s  e f f e c t i v e .
N -A ry la z a c y c lo a lk a n e s  w ere s tu d i e d  by p es  to  c o r r e l a t e  
s o l u t i o n  b a s i c i t i e s  w i th  I o n i z a t i o n  p o t e n t i a l s  ( I P s ) .  
C o n fo rm a tio n a l  a n a l y s i s  o f  th e s e  compounds I n d ic a te d  t h a t  a r y l -  
s u b s t i t u t e d  a z l r l d i n e s  a r e  c o p la n a r  ( c o n ju g a t in g )  i n  a l l  c a s e s  
s t u d i e d ,  w h ile  o r th o  s u b s t i t u e n t ( s )  may c a u se  r o t a t i o n  and l o s s  o f  
c o n ju g a t io n  be tw een  th e  lo n e  p a i r  and th e  p h e n y l r i n g  a s  th e  am ine 
r i n g  s i z e  i s  I n c r e a s e d .  N -P h e n y lp ip e r id in e  was I n d ic a te d  to  be 
n o n - c o p la n a r , d e s p i t e  th e  l a c k  o f  o r th o  s u b s t i t u e n t s .
P e s  s t u d i e s  o f  p h e n c y c l id in e  and a  num ber o f  i t s  a n a lo g s  
d e m o n s tra te  t h a t  th e  am ine lo n e  p a i r  IP  c h a n g e s  p r e d i c t a b l y ,  
d e p e n d in g  on th e  n a tu r e  and  l o c a t i o n  o f  th e  s u b s t i t u e n t .  The 
p h e n c y c l id in e  a n a lo g s  w h ic h  hav e  th e  lo w e s t IP s  a r e  th e  m ost 
r e a c t i v e  i n  r a t  b e h a v io r a l  s t u d i e s  and b in d in g  s t u d i e s .
Some e x o c y c l lc  a lk e n e s  w ere s tu d ie d  by pes to  t r y  to  
c o r r e l a t e  th e  IP  w i th  th e  o b se rv e d  r e a c t i v i t y  and r e g l o s e l e c t i v i t y  
i n  1 ,3 - d l p o l a r  c y c lo a d d l t i o n s .  Cumenes and c y c lo p ro p y lb e n z e n e s  
w ere  s tu d i e d  in  an  a t te m p t  to  c o r r e l a t e  IP s  w ith  p h o to c h e m ic a l
x i i l
r e a c t i v i t y  s t u d i e s .  B o th  o f  th e s e  s e t s  o f  compounds a l s o  showed 
n o rm a l s u b s t i t u e n t  e f f e c t s  on th e  IP s  a s  s u b s t i t u e n t s  w ere  a d d ed .
T h re e  d i f f e r e n t  c l a s s e s  o f  q u in o n e s  w ere s tu d i e d  by sem i- 
e m p l r i c a l  and  jib  I n i t i o  m ethods to  p r e d i c t  t h e i r  s t a b i l i t i e s  and 
r e a c t i v i t i e s .  The MINDO/3 r e s u l t s  a r e  g e n u in e  p r e d i c t i o n s  o f  th e  
therm odynam ic  s t a b i l i t i e s  and r e a c t i v i t i e s  o f  th e  l i t t l e  known 
q u in o n e s  o f  a z u le n e .  1 ,5 -  and  1 , 7 -a z u lo q u in o n e  a r e  p r e d i c te d  to  be 
th e  m ost s t a b l e  and th e  l e a s t  s u s c e p t ib l e  t o  n u c l e o p h i l i c  a t t a c k .  
B e n z o q u in o n es  and n a p h th o q u in o n e s  w ere s tu d i e d  fo r  c o m p a riso n  to  
th e  a z u lo q u in o n e s .  ST0-3G s t u d i e s  o f  s u b s t i t u t e d  b e n z o q u in o n e s  
an d  n a p h th o q u in o n e s  u s in g  f r o n t i e r  m o le c u la r  o r b i t a l  th e o ry  
c o r r e c t l y  I n d i c a t e  th e  p r e f e r r e d  s i t e ( s )  o f  r e a c t i o n  w ith  
n u c l e o p h i l e s .
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PART I .  PHOTOELECTRON SPECTROSCOPIC STUDIES OF AMINES, 
ALKENES, AND SUBSTITUTED BENZENES
CHAPTER I .  INTRODUCTION
I r r a d i a t i o n  o f  a  s u b s ta n c e  c a u se s  e j e c t i o n  o f e l e c t r o n s  
h a v in g  b in d in g  e n e r g i e s  l e s s  th a n  th e  e n e rg y  o f  r a d i a t i o n .  The 
e x c e s s  k i n e t i c  e n e rg y  im p a r te d  to  th e  e l e c t r o n  r e v e a l s  th e  b in d in g  
e n e rg y .  T h is  i s  th e  p h o t o e l e c t r i c  e f f e c t .  The k i n e t i c  e n e rg y  o f  
t h e  e l e c t r o n s  e j e c t e d  I s  d e p e n d en t on th e  e n e rg y  o f  Incom ing 
i r r a d i a t i o n ,  h v , and th e  b in d in g  e n e rg y , E ^, m ore commonly known 
a s  th e  i o n i z a t i o n  p o t e n t i a l  ( I P ^ ) .  C o n s e rv a t io n  o f  e n e rg y  in  th e  
p r o c e s s  r e q u i r e s  t h a t  hv ■ IP  +  Ejr w here Ej  ^ i s  th e  
k i n e t i c  e n e rg y  o f  th e  e j e c t e d  e l e c t r o n .  The k i n e t i c  e n e rg y  
im p a r te d  to  th e  io n  i s  assum ed to  be n e g l i g i b l e ,  due to  th e  l a r g e  
m ass d i s p a r i t y  be tw een  th e  e l e c t r o n  and th e  io n .
In  p h o to e le c t r o n  s p e c tro s c o p y  ( p e s ) , m o n o c h r o m a t i c  
u l t r a v i o l e t  r a d i a t i o n  i s  u se d  f o r  e x c i t a t i o n  and o n ly  v a le n c e  
e l e c t r o n s  a r e  i o n iz e d .  The s p e c t r o s c o p ic  a n a ly s i s  i s  b a sed  upon 
th e  k i n e t i c  e n e r g i e s  o f  th e  e l e c t r o n s  and th e  r e l a t i v e  c o u n t r a t e s  
a t  e a c h  e n e rg y , a s  o pposed  to  an  a n a ly s i s  o f  p o s i t i v e  io n s  or 
p h o to n s ,  e i t h e r  a b s o rb e d  o r  e m i t t e d .  I o n i z a t i o n  e n e r g ie s  and 
band  i n t e n s i t i e s  o f  th e s e  e j e c t e d  e l e c t r o n s  a r e  m easured  in  o rd e r  
t o  p robe  th e  e l e c t r o n i c  s t r u c t u r e s  o f  o rg a n ic  com pounds.
I o n i z a t i o n  p o t e n t i a l s  may be e q u a te d  to  th e  n e g a t iv e s  o f  
m o le c u la r  o r b i t a l  e n e r g i e s  v ia  Koopman6 '  th e o re m ,^  th u s  p ro v id in g  
a  m easurem ent o f  th e  e n e r g ie s  o f  th e  h ig h - ly in g  f i l l e d  m o le c u la r  
o r b i t a l s .  I o n i z a t i o n  p o t e n t i a l s  may be com pared to  o r b i t a l  
e n e r g i e s  o b ta in e d  from  s e m i- e m p ir ic a l  o r  ab i n i t i o  m o le c u la r  
o r b i t a l  c a l c u l a t i o n s .  T h is  co m p a riso n  may p ro v id e  some a s s i s t a n c e
In  m aking a s s ig n m e n ts  i n  d i f f i c u l t  c a s e s ,  o r  th e  c a l c u l a t i o n s  may 
be u se d  to  s u p p o r t  a s s ig n m e n ts .  C a l c u la t i o n s  on th e  p o s s ib l e  
m o le c u la r  c o n fo rm a tio n s  and Iso m e rs  may p ro v id e  i n s i g h t  i n to  th e  
m echanism  o f  s u b s t i t u e n t  e f f e c t s  on th e  i o n i z a t i o n  p o t e n t i a l s  
( I P s )  o f  i n t e r e s t  i n  th e  s tu d y .
T h is  work i s  a  r e p o r t  on s e v e r a l  s t u d i e s  by p h o to e le c t r o n  
B p e c tro s c o p y : 1 ) t h e  m echanism  o r  r a d i c a l  c a t i o n  s t a b i l i z a t i o n  by
a l k y l  g ro u p s  in  m e t h y l - s u b s t i t u t e d  p i p e r i d i n e s ,  o x a n e s ,
1 ,3 - d io x a n e s ,  and c y c lo h e x a n o n e s  (C h a p te r  I I ) ;  2 )  c o n fo rm a t io n a l  
a n a ly s e s  o f  a  s e r i e s  o f  N _ -a ry la z a c y c lo a lk a n e s  (C h a p te r  I I I ) ;  3) 
some m is c e l la n e o u s  s t u d i e s :  a )  c o r r e l a t i o n  o f  i o n i z a t i o n  
p o t e n t i a l s  w ith  d ru g  a c t i v i t i e s  i n  a  s e r i e s  o f  p h e n c y c l id in e s  
(C h a p te r  IV ) ; b ) c o r r e l a t i o n  o f  i o n i z a t i o n  p o t e n t i a l s  w i th  th e  
o b s e rv e d  r e g l o s e l e c t i v i t i e s  i n  th e  r e a c t i o n  betw een  a  s e r i e s  o f  
e x o c y c l i c  a lk e n e s  w ith  a  1 ,3 - d ip o le  (C h a p te r  V ); and c) 
d e te r m in a t io n  o f  th e  c o n fo rm a tio n s  and g round  6 t a t e  e l e c t r o n i c  
c h a r a c t e r i s t i c s  o f  c y c lo p ro p y lb e n z e n e s  (C h a p te r  V I ) .  The 
e x p e r im e n ta l  d e t a i l s  a r e  p ro v id e d  in  C h a p te r  V II .
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CHAPTER . METHYL-SUBSTITUTED PIPERIDINES, OXANES, 
AND 4-tert-BUTYLCYCLOHEXANONES
4INTRODUCTION
The m echanism  by w h ich  a lk y l  g ro u p s  s t a b i l i z e  c h a rg e d  s p e c ie s  
i s  a  v e n e ra b le  s u b je c t  o f  c o n t in u in g  i n t e r e s t .  B ased  on r e l a t i v e  
g a s -p h a s e  a c i d i t y  and b a s i c i t y  d a ta  c o l l e c t e d  o v e r  th e  p a s t  
d e c a d e , i t  i s  a p p a re n t  t h a t  a l k y l  g ro u p s  s t a b i l i z e  b o th  c a t i o n s  
and  a n io n s .  D i f f e r e n t  m echanism s have been p ro p o se d  to  a c c o u n t fo r  
i n d i v i d u a l  r e s u l t s ,  w ith  p o l a r i z a b i l i t y  b e in g  in v o k ed  m ost o f t e n ,  
b e c a u se  o f  i t s  a p p l i c a b i l i t y  to  b o th  a n io n s  and c a t i o n s .
The p o l a r i z a b i l i t y  m echanism ^” ^ in v o lv e s  an  In d u ced  d ip o le  
i n  th e  s u b s t i t u e n t ,  b ro u g h t a b o u t by th e  p re s e n c e  o f  th e  c h a rg e d  
c e n t e r .  T h is  r e s u l t a n t  d ip o le  d i s p e r s e s  th e  c h a rg e  e l e c t r o ­
s t a t i c a l l y ,  s t a b i l i z i n g  th e  io n .  A change  i n  th e  d i r e c t i o n  o f  th e  
in d u c e d  d ip o le  i s  th e  o n ly  n e c e s s a ry  a l t e r a t i o n  to  a d a p t  t h i s  
m echanism  to  a c c o u n t f o r  a n io n  s t a b i l i z a t i o n .  L a rg e r  g ro u p s  a re  
m ore p o l a r i z a b l e  th a n  s m a l le r  a l k y l  s u b s t i t u e n t s ,  in  ag re e m e n t w ith  
th e  d a t a ,  and th e  s t a b i l i z a t i o n  h as  been  found  to  v a ry  w ith  
r “ ^ ,  w here r  i s  th e  s e p a r a t i o n  d i s t a n c e .
The d ep en d en ce  upon d i s t a n c e  f o r  a  s t a b i l i z i n g  in f lu e n c e  i s  
som ew hat a n a lo g o u s  to  th e  in d u c t iv e  e f f e c t . 7 -10  i n g o l d ®  
h a s  d i s t i n g u i s h e d  two d i f f e r e n t  c a s e s  w here th e  i n d u c t iv e  e f f e c t  
o f  th e  m e th y l g roup  i s  C o n s id e re d . From a  s tu d y  o f  a b s o r p t io n  
d a ta  and d ip o le  m om ents, m e th y l g ro u p s  a re  se e n  to  be w eak ly  
e l e c t r o n  w ith d ra w in g  In  s a t u r a t e d  a lk a n e s .  In  m ost o th e r  c l a s s e s  
o f  com pounds, how ever, m e th y l g ro u p s  a r e  e l e c t r o n  d o n a t in g ,
p a r t i c u l a r l y  when e l e c t r o n e g a t i v e  g ro u p s  a r e  a l s o  p r e s e n t .
B o th  i n d u c t iv e  e f f e c t s  and p o l a r i z a t i o n  te n d  to  w ork to g e th e r  
i n  s t a b i l i z i n g  c a t i o n s ,  b u t  t h e i r  r e s p e c t i v e  m a g n itu d e s  a re  
d i f f e r e n t *  In  g a s -p h a s e  p r o to n  t r a n s f e r  e q u i l i b r i a ,  th e  
p o l a r i z a b i l i t y  e f f e c t s  o f  h y d ro c a rb o n  s u b s t i t u e n t s  c o m p le te ly  
d o m in a te  any in d u c t iv e  e f f e c t s ,  u s u a l l y  b e in g  3 -7  t im e s  l a r g e r .
A n o th e r  p o s s ib l e  m echan ism , p a r t i c u l a r l y  f o r  s t a b i l i z i n g  
c a t i o n s ,  i s  h y p e r c o n j u g a t l o n ,12-13 ^ n  w h ich  e l e c t r o n s  a r e  d o n a te d , 
o r  d e l o c a l i z e d ,  from  a  o~ bond ing  e l e c t r o n  p a i r  to  an  e l e c t r o n  
d e f i c i e n t  c e n t e r .  E v id e n c e  f o r  h y p e rc o n ju g a t io n ^ 2 “ 24 jja s  coine 
from  s o l v o l y s l s  s t u d i e s ,  3  i s o to p e  e f f e c t s ,  and s te r e o c h e m ic a l  
s t u d i e s .  Schm id t and S c h w e i g ^  h av e  s tu d i e d  and s e p a r a te d  th e  
I n d u c t iv e  and  h y p e rc o n ju g a t iv e  e f f e c t s  o c c u r r in g  in  a l k y l  h a l id e s  
u s in g  p h o to e l e c t r o n  s p e c t r o s c o p y .
I n  hopes o f  q u a n t i f y in g ,  o r  a t  l e a s t  q u a l i t a t i v e l y  
u n d e r s t a n d in g ,  th e  m echanism  by w h ich  a l k y l  g ro u p s  s t a b i l i z e  
c a t i o n s , we have s tu d i e d  th e  p h o to e le c t r o n  s p e c t r a  o f  th r e e  
s e p a r a t e  s e r i e s  o f  m e t h y l - s u b s t i t u t e d  com pounds: p i p e r i d i n e s ,
o x a n e s  ( t e t r a h y d r o p y r a n s )  and  1 , 3 - d io x a n e s , and 4 - t e r t - b u t y l -  
c y c lo h e x a n o n e s . The r e s u l t s  o b ta in e d  f o r  th e  p i p e r i d i n e s  and th e  
o x a n e s  have  been  p a r t i c u l a r l y  i l l u m i n a t i n g  w ith  r e g a r d  to  th e  
m echanism  o f  c a t i o n  s t a b i l i z a t i o n .  T hese  two s e r i e s  have one o r 
m ore r e a d i l y  a s s ig n a b le  lo w -e n e rg y  i o n i z a t i o n  b an d s  w h ich  a r e  
a d e q u a te ly  s e p a r a te d  from  th e  r e s t  o f  th e  s p e c tru m . The
1 , 3 -d io x a n e s  a r e  l e s s  u s e f u l  due to  th e  p re s e n c e  o f  a  second
oxygen  a tom  w i th  a  se co n d  s e t  o f  n o n -b o n d in g  o r b i t a l s *  T h is  makes 
i t  n e c e s s a r y  to  c o n s id e r  a l l  p o s s ib l e  c o m b in a tio n s  o f  l o n e - p a l r  
o r b i t a l s  w h ich  make up th e  m o le c u la r  o r b i t a l s ,  and l e a d s  to  l e s s  
c e r t a i n t y  i n  th e  a s s ig n m e n t o f  th e  low e n e rg y  - i o n i z a t i o n s .  The 
4- t e r t - b u ty lc y c lo h e x a n o n e  r e s u l t s  p ro v ed  to  be o f  l e s s  v a l u e , due 
t o  th e  s m a ll  s u b s t i t u e n t  e f f e c t s  o b s e rv e d  in  th e  r e s o l v a b le  oxygen 
l o n e - p a i r  i o n i z a t i o n s .  The band i 6  n o t w e l l - r e s o lv e d  o r
r e a d i l y  i d e n t i f i e d  i n  th e  compounds s tu d i e d .  Each s e r i e s  w i l l  be 
d i s c u s s e d  in d e p e n d e n t ly ,  fo llo w e d  by a  com bined summary a t  th e  end 
o f  t h i s  c h a p te r .
The h ig h e s t  o c c u p ie d  m o le c u la r  o r b i t a l  (HOMO) o f  p i p e r i d in e  
i s  th e  n i t r o g e n  lo n e  p a i r  o r b i t a l .  The i o n i z a t i o n  band o f  th e  
HOMO i s  w e l l  s e p a r a te d  from  th e  cr o n s e t  in  th e  p h o to e le c t r o n  
s p e c tru m . I t  i s  a  b ro ad  band w hich  i s  t y p i c a l  fo r  n e a r l y  a l l  
a l i p h a t i c  a m in e s . The b ro a d n e s s  o f  t h i s  band i s  i n d i c a t i v e  o f 
c o n s id e r a b l e  m o le c u la r  r e o r g a n iz a t i o n  upon i o n i z a t i o n ,  s in c e
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n e u t r a l  am in es  a r e  p y ra m id a l ,  b u t th e  r a d i c a l  c a t i o n s  a r e  
p l a n a r . 2 5 -28
The p h o to e l e c t r o n  s p e c t r a  o f  p ip e r i d in e  and th e  fo u r  p o s s ib le  
m o n o m e th y l - s u b s t i tu te d  d e r i v a t i v e s  w ere s tu d i e d  p r e v io u s ly  by 
K a tr ib ,^ ®  who found  t h a t  th e  m e th y l g roup  e x e r t s  a  d e c re a s e d  
i n f l u e n c e  on th e  lo n e  p a i r  i o n i z a t i o n  p o t e n t i a l  a s  i t  i s  
s u b s t i t u t e d  on th e  r i n g  c a rb o n s  f a r t h e r  from  th e  n i t r o g e n .  E x cep t 
f o r  th e  r e l a t i v e l y  l a r g e  i n c r e a s e  in  IP  o b s e rv e d  when th e  m e th y l 
s u b s t i t u e n t  i s  moved from  th e  n i t r o g e n  to  th e  a lp h a  c a rb o n ,  th e  
d i f f e r e n c e s  a t  v a r io u s  c a rb o n  p o s i t i o n s  w ere q u i t e  s m a ll  (< 0 .1 1  e V ), 
b u t  i n  th e  p ro p e r  se q u en c e  f o r  an  i n d u c t iv e  e f f e c t .
We have  re -e x a m in e d  th e  p h o to e le c t r o n  s p e c t r a  o f  th e s e  and 
o t h e r  p o ly m e th y l s u b s t i t u t e d  p i p e r i d in e  d e r i v a t i v e s .  F ig u re  1 
show s th e  low e n e rg y  r e g io n s  o f  s e v e r a l  r e p r e s e n t a t i v e  s p e c t r a  and 
T a b le s  1 an d  2 l i s t  th e  o b s e rv e d  i o n i z a t i o n  p o t e n t i a l s  and IP  
c h a n g e s ,  r e l a t i v e  to  th e  p a r e n t  N-H and  N - m e th y lp ip e r id in e s  
s tu d i e d  h e r e ,  in c lu d in g  th o s e  s tu d ie d  by K a t r i b .
A l l  th e  p i p e r i d i n e s , and a  number o f a c y c l i c  s e c o n d a ry  
a m in e s ,30 show a  0 .3 4  +  0 .0 7  eV d e c re a s e  in  IP  upon N -m e th y la t io n . 
S u b s t i t u t i o n s  a t  c a rb o n  r e s u l t  i n  s m a l le r  IP  d e c r e a s e s ,  r e l a t i v e  to  
th e  p a r e n t ,  s i m i l a r  In  m ag n itu d e  to  th e  d e c r e a s e s  o b s e rv e d  
e a r l i e r . ^  H ow ever, we do n o t  f in d  a  s y s te m a t ic  d i s t i n c t i o n  
b e tw een  a  s in g l e  2 - ,  3 - ,  o r  4 -m e th y l s u b s t i t u e n t ;  e a c h  d e c re a s e s  
t h e  am ine IP  by < 0 .0 9  eV.
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F ig u re  1 , P h o to e le c tr o n  S p e c tr a  o f  P i p e r i d in e ,  N -M e th y lp ip e r id in e , c i s - 1 , 2 , 6 - T r im e th y lp ip e r id in e . 
and 1 ,2 ,2 ,6 ,6 - P e n ta m e th y lp ip e r id in e .
CD
Table 1. I o n iz a t io n  P o t e n t ia ls  o f  M eth yl-S u b B titu ted  P ip e r id in e s .
P ip e r id in e  S u b s t l tu e n t ( s )  IP (n jj), eVa AIPb
8 .7 0  ( 8 . 69c ) — -
2-Me (e q ) 8 .6 3  ( 8 . 58c ) -0 .0 7
3-Me (e q ) 8 .6 3  ( 8 . 6 6 c ) -0 .0 7
4-Me (e q ) 8 .61  ( 8 . 6 6 c ) - 0 .0 9
3 ,3 -d i-M e  ( e q , ax ) 8 .6 0 - 0 . 1 0
c I b - Z , 6 -d l-M e ( e q , eq ) 8 .5 3 -0 .1 7
2 , 2 , 6 , 6 - t e t r a - H e  ( e q ,  a x , e q , a x ) (8 .0 4 d ) - 0 . 6 6
( a )  +  0 .0 5  eV; p r e v io u s ly  r e p o r te d  v a lu e s  a re  e n c lo s e d  in  p a re n th e s e s .
(b )  Change In  IP , r e l a t i v e  to  p ip e r id in e .
( c )  R e fe re n c e  62.
(d )  R e fe re n c e  63.
T a b le  2. I o n iz a t io n  P o t e n t i a l s  o f  M e th y l -S u b s t i tu te d  t l - M e th y lp ip e r id in e s .
N -M e th y lp ip e r id in e  S u b s t i t u e n t ( s )  IP (n{ j), eVa  flip**
----- 8 .3 7  ( 8 . 39c ) —
2—Me (e q ) 8 .2 3 -0 .1 4
3-Me (e q ) 8 .35 - 0 .0 2
4-Me (e q ) 8. 33 -0 .0 4
4 ,4 -d i-M e  ( e q , ax ) 8 .2 9 -0 .0 8
c ls - 3 ,5 - d i - M e  ( e q , eq) 8 .23 -0 .1 4
t r a n s -3 ,5 - d i -M e  (e q , ax) 8. 26 -0 .1 1
c ls - 2 ,6 -d i - M e  (e q , eq ) 8 .2 2 -0 .1 5
2 ,2 ,6 ,6 - te t r a - M e  (e q , a x , eq , a x ) 8 .0 4 -0 .6 9
n a a a a w i & B B B « R n s a Q 3 a B 3 3 3 s s 3 3 B q s 3 n B a f l t ) B i i n B q g a « B B B a t i i B i a s M i H B S i i U M 8 B a t t i 3 a B B n « i m H i B « a t t
( a )  +  0 .0 5  eV; p r e v io u s ly  r e p o r te d  v a lu e s  a re  e n c lo se d  in  p a re n th e s e s .
(b )  Change In  IP , r e l a t i v e  to  N -m e th y lp ip e r ld in e .
( c )  R e fe ren ce  62.
I n  th e  m o n o m e th y lp ip e r id ln e s , th e  C -m eth y l s u b s t i t u e n t s  
occupy  e q u a t o r i a l  p o s i t i o n s  i n  th e  c h a i r  c o n f o r m a t i o n .^  A d d i t io n  
o f  a  seco n d  e q u a t o r i a l  m e th y l g ro u p  to  2 - m e th y lp ip e r id in e  to  form  
c i s - 2 ,6 - d lm e th y l p lp e r id l n e  r e s u l t s  in  a  f u r t h e r  d e c re a s e  in  th e  
am ine  lo n e  p a i r  IP  by 0 .1 0  eV. T h is  t r e n d  i s  s i m i l a r  i n  th e  
N -m ethy l a n a lo g . The a d d i t i o n  o f  a  t h i r d  m eth y l g ro u p  to
1 , 3 - d im e th y lp lp e r ld in e  i n  th e  e q u a t o r i a l  p o s i t i o n  to  g iv e  
c i s - 1 , 3 , 5 - t r l m e t h y l p l p e r i d i n e  c a u s e s  a  0 .1 2  eV d e c r e a s e  i n  th e  IP .
The s u b s t i t u t i o n  o f  a n  a x i a l  m e th y l s u b s t i t u e n t  i n  3 - m e th y l-  
p i p e r i d l n e ,  1 , 3 - d im e th y lp ip e r id in e ,  and 1 ,4 - d im e th y lp ip e r id in e  to  
g iv e  3 , 3 - d im e th y lp ip e r id in e ,  t r a n s - 1 , 3 , 5 - t r i m e t h y l p i p e r i d i n e , and 
1 ,4 ,4 - t r i m e t h y l p i p e r i d i n e ,  r e s p e c t i v e l y ,  d e c r e a s e s  th e  am ine l o n e -  
p a l r  IP  by 0 .0 3 - 0 .1 0  eV. A ssum ing t h a t  th e s e  s u b s t i t u e n t  e f f e c t s  
a r e  a d d i t i v e  ( w i th in  th e  +  0 .0 5  eV e x p e r im e n ta l  l i m i t s ) ,  2 - ,  3 - ,  
o r  4 - e q u a t o r i a l  and 3 -  o r  4 - a x i a l  m e th y l s u b s t i t u e n t s  lo w er th e  IP  
o f  p i p e r i d i n e  o r  th e  I l-m e th y l a n a lo g  by 0 .0 7  +  0 .0 7  eV p e r  m eth y l 
g ro u p .
In  c o n t r a s t ,  a x i a l  2 -  an d  6 -m e th y l s u b s t i t u e n t s  c a u se  a  v e ry  
l a r g e  d e c re a s e  i n  th e  lo n e  p a i r  I P .  The a d d i t i o n  o f  two m e th y l 
g ro u p s  to  th e  a x i a l  p o s i t i o n s  o f  c l s - 2 ,6 - d im e th y l p ip e r id i n e  to  
fo rm  2 , 2 , 6 , 6 - t e t r a m e t h y lp l p e r i d in e  lo w e rs  th e  IP  by an  a d d i t i o n a l  
0 .4 9  eV* S i m i l a r ly ,  a  0 .5 4  eV d e c re a s e  i s  o b s e rv e d  when two 
a d d i t i o n a l  m e th y l g ro u p s  a r e  add ed  to  c i s - 1 , 2 , 6 - t r i m e t h y l -  
p i p e r i d i n e  to  form  1 , 2 , 2 , 6 , 6 - p e n ta m e th y lp ip e r id in e .  Each o f  th e s e
2 - a x l a l  m e th y l s u b s t i t u e n t s  lo w e rs  th e  am ine IP  by 0 .2 6  +  0 .0 2  eV,
I n d i c a t i n g  a u n iq u e  in f lu e n c e  on th e  am ine lo n e  p a i r  by m e th y l 
B u b s t i tu e n tB  i n  th o s e  p o s i t i o n s .
The n e a r ly  i d e n t i c a l  i n f lu e n c e  o f  C -m eth y l s u b s t i t u e n t s  on 
am ine  IP s  i n  th e  p i p e r i d i n e s  and th e  N -m ethy l p i p e r i d i n e s  im p l ie s  
t h a t  th e  c o n fo rm a t io n s  a t  n i t r o g e n  a r e  i d e n t i c a l  in  th e s e  two 
s e r i e s .  The e x te n t  o f  c o n fo r m a t io n a l  p r e f e r e n c e  i n  b o th  p i p e r i d in e  
an d  N - m e th y lp ip e r id in e  has been  d e b a te d  f o r  many y e a r s ,  
p a r t i c u l a r l y  f o r  p i p e r i d i n e .  G a s-p h ase  and n o n - p o la r  s o lv e n t  
s t u d i e s  have  been  i n t e r p r e t e d  to  i n d i c a t e  a  60-70% p r e f e r e n c e  fo r  
a n  a x i a l  l o n e - p a i r  i n  p i p e r i d in e  a t  2 5 ° ,^ 2 w h i le  NMR d a ta  in  
m e th a n o l I n t e r p r e t a t i o n s  s u g g e s t  a  s l i g h t  p r e f e r e n c e  fo r  an 
e q u a t o r i a l  l o n e - p a i r . ^3 p o r  N - m e th y lp ip e r id in e ,  th e  a x i a l  
l o n e - p a i r  p r e f e r e n c e  r a n g e s  from  75-99% .34-36
A S T 0 -3 G ^  c a l c u l a t i o n  was p e rfo rm e d  on p i p e r i d i n e ,  b a sed  
on  th e  c r y s t a l  s t r u c t u r e  o f  p i p e r i d in e  h y d ro g en  s u l f i d e .  
C a l c u l a t i o n s  on p o s s ib l e  m ono-m ethyl d e r i v a t i v e s  o f  p i p e r i d i n e ,  
I n c lu d in g  a x i a l  and e q u a t o r i a l  s u b s t i t u t i o n s , w ere c a r r i e d  o u t by 
t h e  r e p la c e m e n t  o f  th e  a p p r o p r i a t e  hy d ro g en  by a  m eth y l g roup  
h a v in g  s ta n d a r d  bond l e n g th s  and a n g le s .  A l l  th e  p o s s ib l e  mono­
m e th y l d e r i v a t i v e s  o f  N -m e th y lp ip e r id in e  w ere a l s o  c a l c u l a t e d  in  
t h e  same m anner. The g e o m e tr ie s  w ere n o t  a llo w e d  to  r e l a x  i n  th e  
c a l c u l a t i o n s ,  w h ich  may have r e s u l t e d  in  some u n r e a l i s t i c
1 , 3 - d i a x l a l  i n t e r a c t i o n s  w h ich  would have been  re d u c e d  i f  
g e o m e t r i c a l  r e l a x a t i o n s  w ere a llo w e d .
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The c a l c u l a t i o n s  i n d i c a t e  t h a t  th e  a x i a l  lo n e  p a i r  i s  fa v o re d  
i n  a l l  c a se s *  The p r e f e r e n c e  ra n g e s  from  1 .0 - 1 .9  k c a l /m o le  f o r  th e  
p i p e r i d i n e s ,  and from  5 .4 - 1 0 .8  k c a l /m o le  f o r  th e  N -m ethy1 -  
p i p e r i d l n e s ,  w i th  th e  e x c e p t io n  o f  th e  3 - a x i a l - m e th y l  c o n f o r a e r s  
w h ic h  a p p a r e n t ly  have  a  h ig h ly  d e s t a b i l i z i n g  1 , 3 - d i a x i a l  
i n t e r a c t i o n  be tw een  th e  m eth y l g roup  and th e  a x i a l  n i t r o g e n  
s u b s t i t u e n t  ( e i t h e r  hy d ro g en  o r m e th y l) .  The s m a l l e s t  p r e f e r e n c e  
i s  found  f o r  th e  a x ia l - 2 - m e th y l  s p e c i e s ,  w h ile  th e  3 -  and  
4 - e q u a t o r i a l - m e t h y l  d e r i v a t i v e s  d e te rm in e  th e  maximum ra n g e .
MM2 c a l c u l a t i o n s ^ ® " ^  on  many o f  th e s e  same c o n fo rm e rs  a l s o  
i n d i c a t e  an  a x i a l  l o n e - p a i r  p r e f e r e n c e ,  a l th o u g h  th e  ra n g e  i s  
g r e a t e r ,  r a n g in g  from  0 .2 4 - 1 .6 2  k c a l /m o le  f o r  th e  p i p e r i d i n e s  and
2 .5 0  k c a l /m o le  f o r  N - m e th y lp ip e r id in e .  ST0-3G c a l c u l a t i o n s  
i n d i c a t e  t h a t  th e  s m a l l e s t  d i f f e r e n c e  i s  o b se rv e d  f o r  th e  a x i a l  
a n d  e q u a t o r i a l  l o n e - p a i r  c o n fo rm e rs  o f  a x ia l - 2 - m e t h y lp i p e r i d in e .  
The l a r g e s t  p r e f e r e n c e  i s  i n d i c a t e d  f o r  e q u a to r i a l - 3 - m e t h y l -  
p i p e r i d i n e .  [The e q u a t o r i a l  l o n e - p a i r  c o n fo rm e rs  o f 4 - m e th y l-  
p i p e r i d i n e  w ere n o t  c a l c u l a t e d ,  b u t  i t  i s  e x p e c te d  t h a t  th e  MM2 
c a l c u l a t e d  p r e f e r e n c e  t r e n d s  w i l l  c o n t in u e  to  be c o n s i s t e n t  w i th  
th e  ST0-3G r e s u l t s  ( v id e  s u p r a ) ] .  A l l  c o n fo rm e rs  w h ich  have an 
a x i a l  m e th y l s u b s t i t u e n t  w ere found to  be le B s  s t a b l e  th a n  t h e i r  
e q u a t o r i a l  m e th y l c o u n t e r p a r t s ,  p ro b a b ly  a  r e s u l t  o f  1 , 3 - d i a x i a l  
i n t e r a c t i o n s .
O nly m in im al g eo m etry  ch an g es  a r e  o b se rv e d  in  th e s e  MM2 
c a l c u l a t i o n s ,  even  w ith  a x i a l  m e th y l s u b s t i t u e n t s . ^  ^ jje a x i a l - 2 -
h y d ro g e n s  a r e  d i s t o r t e d  5 -6 °  from  a  " p e r f e c t "  180° d i h e d r a l  a n g le  
w i th  th e  n i t r o g e n  l o n e - p a i r  in  p i p e r i d in e  and v a r io u s  d e r i v a t i v e s .  
R ep lacem en t o f  t h i s  h y d ro g en  by a  m eth y l g roup  i n c r e a s e s  th e  
d i s t o r t i o n  by 5 - 7 ° ,  to  a  v a lu e  o f  1 0 -1 3 ° . T h is  d i s t o r t i o n  i s  
p ro b a b ly  n o t  l a r g e  enough  to  c a u se  a  s i g n i f i c a n t  d e c re a s e  in  
o v e r l a p  and  ad m ix in g  o f  th e  l o n e - p a i r  o r b i t a l  and th e  s u b s t i t u e n t  
CC bond.
The e x p e r im e n ta l  o r d e r  i n  th e  i o n i z a t i o n  p o t e n t i a l s  i s  
r e p ro d u c e d  by th e  ST0-3G c a l c u l a t i o n s  on p i p e r i d in e s  h a v in g  an 
a x i a l  l o n e - p a i r ,  b u t  n o t  by c a l c u l a t i o n s  on th e  e q u a t o r i a l  l o n e -  
p a i r  c o n fo rm e rs . Even th o u g h  th e  c a lc u l a t e d  v a lu e s  do n o t 
c o r r e l a t e  e x a c t ly  w i th  th e  e x p e r im e n ta l  I P s ,  th e  t r e n d s  o b se rv e d  
i n  th e  c a l c u l a t e d  r e s u l t s  sh o u ld  be a  r e f l e c t i o n  o f  th e  
e x p e r im e n ta l  t r e n d s .  An a x i a l  l o n e - p a i r  IP  i s  c a l c u l a t e d  to  be 
lo w e r  th a n  t h a t  o f  an  e q u a t o r i a l  l o n e - p a i r  and i s  n o t i c e a b ly  
i n f lu e n c e d  by an  a x ia l - 2 - m e th y l  s u b s t i t u e n t .  An e q u a t o r i a l  l o n e -  
p a i r  i s  e s s e n t i a l l y  u n a f f e c te d  by m e th y la t lo n  a t  any c a rb o n  
p o s i t i o n  o f  th e  r i n g  (T a b le s  3 and  4 ) .
C o n to u r  p l o t s ^  o f  th e  ST0-3G lo n e  p a i r  o r b i t a l s ,  shown i n  
F ig u r e  2 , i n d i c a t e  th e  m echanism  by w h ich  th e  m e th y l g roup  can 
s t a b i l i z e  th e  c a t i o n  upon i o n iz a t io n *  The e q u a t o r i a l  l o n e - p a i r  i s  
adm ixed  w i th  th e  two v i c i n a l  a n t i - p e r i p l a n a r  CC bonds o f  th e  r in g  
w h ic h  have an  a p p r o p r i a t e  sym m etry f o r  good o v e r l a p .  W ith  th e  
e x c e p t io n  o f  th e  CC bond to  an  e q u a t o r i a l  4 -m e th y l s u b s t i t u e n t ,  
none  o f  th e  p o s s ib l e  s u b s t i t u e n t  bonds o v e r la p  a p p r e c ia b ly  w ith
T ab le  3. ST0-3G O r b i t a l  E n e rg ie s  and P ro to n  A f f i n i t i e s  fo r  M e th y l - s u b s t i tu te d  P ip e r id in e s
E q u a to r ia l  NH (A x ia l  n ^ ) A x ia l NH ( E q u a to r ia l  n^)
P ip e r id in e  S u b s t i tu e n t -  e (eV ) Aca PA^ ( k c a l /m o le ) -  e (eV ) Aea
------- 8 .02 ------- 27 8 .5 7 .67 -------
eq-2-M e 8 .01 -0 .0 1 280 .3 7 .65 -0 .0 2
ax-2-M e 7.86 - 0 .1 6 2 81 .3 7 .6 4 - 0 .0 3
eq-3-M e 7 .99 -0 .0 3 279 .7 7 .60 -0 .0 7
ax-3-M e 8 .00 -0 .0 2 276 .5 7 .66 -0 .0 1
eq-4-M e 8 .00 -0 .0 2 279 .2 7. 65 -0 .0 2
ax-4-M e
a a n a i a u a i 8 a t t a H D H B B « U B B B t i a
7.91 -0 .1 1 279 .4 7.65 -0 .0 2
( a )  R e la t iv e  to  p ip e r id in e .
(b )  E x p e r im e n ta l p ro to n  a f f i n i t y  i s  2 2 5 .4  k c a l/m o le  fo r  p i p e r i d in e ,  r e f e re n c e  30.
T ab le  4 . ST0-3G O r b i ta l  E n e rg ie s  and P ro to n  A f f i n i t i e s  fo r  M e th y l-S u b s t i tu te d  N -M e th y lp ip e r id in e s
E q u a to r ia l  NH (A x ia l  nN) A x ia l NH ( E q u a to r ia l  nN)
N -M e th y lp ip e r id in e  S u b s t i tu e n t -  e (eV ) Aea PA*1 (k C a l/m o le ) -  e (eV ) Aea
------- 7. 78 ------- 280 .9 7 .41 -------
eq-2-M e 7. 76 - 0 .0 2 282 .4 7 .3 8 -0 .0 3
ax-2-M e 7 .6 0 - 0 .1 8 283 .4 7 .37 -0 .0 4
eq-3-M e 7.75 -0 .0 3 282 .0 7.35 -0 .0 6
ax-3-M e 7 .7 5 -0 .0 3 278 .7 ___c ___o
eq —4—Me 7. 76 -0 .0 2 281 .6 7 .39 -0 .0 2
ax-4-M e 7 .69 -0 .0 9 281 .8 7 .38 -0 .0 3
D H B B i t t B t i b B B B a a a q a B a a B B i i a t t a o B n a a n a a a e a a a a
( a )  R e la t iv e  to  N -m e th y lp ip e r id in e .
(b )  E x p e r im e n ta l p ro to n  a f f i n i t y  i s  2 2 8 .8  k o a l/m o le  fo r  I J - m e th y lp ip e r id in e , r e f e re n c e  30.
(o )  U sing  s ta n d a rd  g e o m e tr ie s , th e  1 ,3 - d ia x i a l  Me-Me i n t e r a c t i o n  i s  u n r e a l l s t i o a l l y  la r g e  
f o r  t h i s  c a lc u la t io n  to  be m ean in g fu l.
17
HOMO
H
X
I
H
H
HOMO
F i g u r e  2 .  O r b i t a l  C o n t o u r  P l o t s  o f  P i p e r i d i n e  w i t h  a n  
A x i a l  a n d  E q u a t o r i a l  L o n e - P a i r . ^
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Che e q u a t o r i a l  l o n e - p a i r  (an d  th e  r in g  CC b o n d s ) . The e q u a t o r i a l  
4 -m e th y l g ro u p  i s  s p a t i a l l y  d i s t a n t  from  th e  l o n e - p a i r ;  t h u s  th e  
e x t e n t  o f  o v e r la p  th ro u g h  th e  r in g  i s  m in im ized .
The a x i a l  l o n e - p a i r  o v e r la p s  w ith  th e  CC bond o f  an  
a x ia l - 2 - m e t h y l  s u b s t i t u e n t t h u s ,  th e  l a t t e r  can  I n f lu e n c e  
t h e  IP  o f  an  a x i a l  l o n e - p a i r .  T h is  s u g g e s ts  t h a t  th e  s t a b i l i z a t i o n  
o f  th e  am ine r a d i c a l  c a t i o n  by a l k y l  g ro u p s  o c c u rs  by a  h y p e r -  
c o n ju g a t lv e  m echanism , b u t o n ly  th e  a x i a l  l o n e - p a i r  co n fo rm er i s  
a f f e c t e d  by th e  s u b s t i t u e n t s .
T h u s , th e o ry  re p ro d u c e s  th e  e x p e r im e n ta l  c o n c lu s io n  t h a t  an 
a x ia l - 2 - m e th y l  s u b s t i t u e n t  lo w e rs  th e  am ine l o n e - p a i r  IP  by a  much 
g r e a t e r  am ount th a n  m e th y l g ro u p s  in  o th e r  p o s i t i o n s  on th e  r i n g .
An i n t e r p r e t a t i o n  o f  th e  o r b i t a l  c o n to u r  d ia g ra m s  s u g g e s ts  t h a t  th e  
h y p e r c o n ju g a t iv e  m echanism  i s  th e  p red o m in an t means fo r  
s t a b i l i z a t i o n  o f  th e  r a d i c a l  c a t i o n .
The s l i g h t  p r e f e r e n c e  f o r  an  a x i a l  l o n e - p a i r  in  p i p e r i d i n e  i s  
a n a lo g o u s  to  th e  c o n fo r m a t io n a l  p r e f e r e n c e  in  some p r im a ry  a m i n e s . ^  
An a n t i  o r i e n t a t i o n  be tw een  th e  l o n e - p a i r  and th e  h y d ro g en  on th e  
a  c a rb o n  o f  lso p ro p y la m ln e  i s  p r e f e r r e d  a c c o r d in g  to  c a l c u l a t i o n s ^  
a n d  e x p e r i m e n t . p o r  e th y la m in e ,  how ever, c a l c u l a t i o n s ^*** 
f a v o r  a  g auche  o r i e n t a t i o n  betw een  th e  am ine l o n e - p a i r  and th e  CC 
b o n d , i . e .  an  a n t i  h y d ro g e n , w h ile  in c o n c lu s iv e  e x p e r im e n ta l  d a ta  
h av e  s u g g e s te d  an  a n t i  CC bond . In  m e th y la m ln e , th e  hydrogen  
a n t i  t o  th e  lo n e  p a i r  i s  se e n  to  be a l o n g e r ,  w eaker CH bo n d , b o th  
e x p e r im e n ta l ly  and c o m p u t a t i o n a l l y . ^
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B ased  on bond s t r e n g t h s  and  pes d a t a , ^ 6 -4 8  a  a^c o r b i t a l  
l i e s  h ig h e r  i n  e n e rg y  th a n  a  cfqh o r b i t a l .  A c c o rd in g  to  th e
£
m eth y la m in e  r e s u l t s  r e f e r r e d  to  a b o v e , and in  g e n e r a l ,  th e  0 ^  
o r b i t a l  i s  lo w er i n  e n e rg y  th a n  th e  a^ c*  o r b i t a l ,  i . e .  th e  
sam e o r d e r  i n  b o th  th e  o c c u p ie d  and v a c a n t  o r b i t a l s .  (The lo n g e r  
bond l e n g th  was s a id  to  be due to  e l e c t r o n  d o n a tio n  i n to  th e  v a c a n t 
°CH* o r b i t a l .
The d i f f e r e n c e s  betw een  th e  e n e r g ie s  o f  f i l l e d  CC and CH 
o r b i t a l s  a r e  n o t  e x p e c te d  to  be l a r g e .  The v a c a n t  CC and CH 
o r b i t a l s  s h o u ld  a l s o  be d o s e  in  e n e rg y . The c o n fo rm a t io n a l  
p r e f e r e n c e  in  p i p e r i d i n e  i s  o n ly  s l i g h t l y  i n  f a v o r  o f  an a x i a l  
l o n e - p a i r .  M e th y la t io n  o f  th e  n i t r o g e n  sh o u ld  n o t c a u se  an 
a p p r e c i a b l e  e l e c t r o n i c  p r e f e r e n c e  f o r  an e q u a t o r i a l  s u b s t i t u e n t .  
H ow ever, th e  a x i a l  m e th y l c o n fo rm er p o s s e s s e s  a  s t r o n g  1 , 3 - d i a x i a l -  
i n t e r a c t i o n  w h ich  r e s u l t s  in  a  s t r o n g  p r e f e r e n c e  f o r  an  e q u a t o r i a l  
s u b s t i t u e n t .
The o n ly  m echanism  w h ich  a c c o u n t fo r  th e  l a r g e  e x p e r im e n ta l  
IP  c h a n g es  w h ich  r e s u l t  when 2 - a x i a l  m e th y l s u b s t i t u e n t s  a re
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ad d ed  i a  h y p e rc o n ju g a t io n .  I n d u c t iv e  e f f e c t s  sh o u ld  be d e p e n d e n t 
on  th e  number o f  in te r v e n in g  bonds betw een  lo n e  p a i r  and 
s u b s t i t u e n t ,  b u t  w i th o u t  any s te r e o c h e m ic a l  d e p e n d en c e . The 
d r a m a t ic  d i f f e r e n c e  be tw een  th e  e f f e c t s  shown f o r  an a x i a l  v s .  
e q u a t o r i a l  2 -m e th y l g ro u p  i n v a l i d a t e s  th e  p o s s i b i l i t y  t h a t  
i n d u c t iv e  e f f e c t s  a r e  th e  p re d o m in a n t m echanism  
f o r  s t a b i l i z i n g  r a d i c a l  c a t i o n s .
I f  p o l a r i z a b l l l i t y  ( c h a r g e ,  in d u c e d  d ip o le )  i s  th e  domimant 
m echan ism , th e  l a r g e s t  e f f e c t  sh o u ld  be o b s e rv e d  when th e  m e th y l 
g ro u p  i s  c l o s e s t  to  th e  l o n e - p a i r .  The d i s t a n c e s  shown below  w ere 
o b ta in e d  from  th e  MM2 c a l c u l a t i o n s ,  and I n d ic a t e  t h a t  an  a x i a l -
3 -m e th y l g ro u p  i s  a c t u a l l y  a s  c lo s e  to  th e  l o n e - p a i r  a s  an a x i a l -  
2 -m e th y l g ro u p  and sh o u ld  t h e r e f o r e  be more e f f e c t i v e  by th e  
p o l a r l z a b i l i t y  m echanism .
A much l a r g e r  e f f e c t  sh o u ld  have  been  o b se rv e d  f o r  th e  a x i a l  
m e th y l g ro u p  in  3 , 3 - d im e th y lp ip e r id in e  and t r a n s - 1, 3 , 5 - t r lm e th y 1 -
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p i p e r i d i n e  i f  p o l a r i z a b i l i t y  in f lu e n c e d  th e  I P .  Even th o u g h  the  
IP  d e c re a s e  due to  th e  a x i a l  m e th y l g roup  in  th e  t r a n s  t r l m e t h y l  
iso m e r  i s  l a r g e r  th a n  t h a t  o b s e rv e d  fo r  th e  a d d i t i o n  o f  th e  
i n i t i a l  e q u a t o r i a l  m e th y l g ro u p , th e  d e c re a s e  i s  a c t u a l l y  l e s s  
th a n  t h a t  o b s e rv e d  f o r  th e  added  e q u a t o r i a l  m eth y l g roup  in  
c i s - 1 , 3 , 5 - t r i m e t h y l p i p e r i d l n e  (T a b le  2 ) .  A p o l a r i z a b i l i t y  
m echanism  w ould  have p r e d i c te d  t h a t  t h i s  t r e n d  w ould be r e v e r s e d  
and  e n h a n ce d .
The s te r e o c h e m ic a l  d ependence  found e x p e r im e n ta l ly  and th e  
c a l c u l a t e d  IP s  a l s o  r e f l e c t  t h a t  a  o r b i t a l  i s  a  more p o te n t  
h y p e r c o n ju g a t iv e  donor th a n  i s  a  c r^  o r b i t a l .  I f  th e  c o n v e rs e  was 
t r u e ,  th e n  th e  l o n e - p a i r  IP  d e c re a s e  sh o u ld  have been  l e s s  when th e  
a x ia l - 2 - m e th y l  s u b s t i t u e n t s  w ere added  th a n  th e  d e c re a s e s  o b se rv e d  due 
t o  th e  e q u a to r i a l - 2 - m e t h y l  s u b s t i t u e n t s .
F i n a l l y ,  we c o n t r a s t  th e  dom inance o f  h y p e rc o n ju g a t io n  in  
i n f l u e n c i n g  IP s  w ith  th e  p o l a r i z a b i l i t y  m odel w h ich  has been  6 0  
s u c c e s s f u l  in  r a t i o n a l i z i n g  th e  m a g n itu d e s  o f  p ro to n  a f f i n i t i e s . *“ 6 
P ro to n  a f f i n i t i e s  (PA s) a r e  d e f in e d  be low :
PA = EbH+  — (Eg +
w here  Egn+ i s  th e  t o t a l  e n e rg y  o f  th e  p r o to n a te d  b a s e ,
Eg i s  th e  t o t a l  e n e rg y  o f  th e  f r e e ,  n o n - p ro to n a te d  b a s e ,  and 
Eu+ i s  th e  e n e rg y  o f  th e  p ro to n  («*0).
A lth o u g h  th e  PAs c a l c u l a t e d  by STO-3G (T a b le s  3 and 4 )  f o r  th e
r e l a t i v e  v a lu e s  sh o u ld  be r e a s o n a b le  a t  t h i s  l e v e l  o f  c a l c u l a t i o n .  
W hile  th e  PAs o f  a x i a l - 2 - m e t h y lp i p e r i d in e  and I t s  2J"® ethyl a n a lo g  
a r e  'v l  k c a l /m o le  l a r g e r  th a n  th e  PAs o f th e  e q u a to r i a l - 2 - m e t h y l  
c o n fo rm e r s ,  th e r e  I s  an  a d d i t i o n a l  m ethyl-H (N +) gauche  
I n t e r a c t i o n  In  th e  e q u a t o r i a l  compounds w hich  c o u n te r a c t s  th e  
e x p e c te d  g r e a t e r  s t a b i l i z a t i o n  from  th e  p o l a r i z a b i l i t y  m echanism . 
The PAs o f  th e  a x ia l - 3 - m e th y l  compounds show a  d e s t a b i l i z a t i o n  
e f f e c t  w h ich  I s  o p p o s i t e  to  t h a t  e x p e c te d . H ow ever, t h i s  r e s u l t  
may s im p ly  be a  c o n seq u e n c e  o f  th e  r in g  r i g i d i t y  in  th e  
c a l c u l a t i o n s  and w ould p ro b a b ly  d is a p p e a r  i f  th e  r in g  w ere a llo w e d  
t o  r e l a x .
a x i a l  l o n e - p a i r  p i p e r i d in e s  a r e  5 2 -5 3  k c a l /m o le  to o  h ig h .^ O
METHYL SUBSTITUTED OXANES AND 1,3-DIOXANES
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Oxane ( te t r a h y d r o p y r a n )  h a s  two r e a d i l y  i d e n t i f i a b l e  IP s  in  
t h e  lo w -e n e rg y  r e g io n  o f  i t s  p h o to e le c t r o n  sp e c tru m . The HOMO i s  
e s s e n t i a l l y  a  p o r b i t a l ,  w h ile  th e  second  h ig h e s t  o c c u p ie d
m o le c u la r  o r b i t a l  (SHOMO) i s  a h y b r id  i n - p la n e  l o n e - p a i r  o r b i t a l  
w h ic h  i s  a l s o  p a r t i a l l y  CO b o n d in g * 5 0 -52  T h ese  o r b i t a l s  a r e  
s i m i l a r  i n  a p p e a ra n c e  to  th o s e  o f  w a te r  and a c y c l i c  e th e r s .^ ®  
A lth o u g h  oxane h as  a  c a rb o n  s k e le to n  w h ich  e x e r t s  an  u n sy m m e tr ic a l 
p e r t u r b a t i o n  on th e s e  o r b i t a l s ,  th e y  m ix to  a  m in im al e x t e n t .  
K obayashi-** h a s  r e f e r r e d  t o  th e s e  o r b i t a l s  as  " e q u a t o r i a l "  and 
" a x i a l "  l o n e - p a i r s ,  even  th o u g h  th e y  a r e  t i l t e d  from  th e  "no rm al"  
d i r e c t i o n s  i n  a  s ix -m em bered  r in g *  The t i l t  i s  b a r e ly  in  e v id e n c e  
i n  th e  ST0-3G c a l c u l a t e d  o r b i t a l  d e n s i ty  d ia g ra m s  shown in  
F ig u r e  3 .
The p l o t s  I n d i c a t e  t h a t  th e  HOMO i s  m ixed m ost h e a v i ly  w ith  
th e  v i c i n a l  CC b o n d in g  o r b i t a l s  o f  th e  r i n g  c a rb o n s ,  s i m i l a r  to  
th o s e  Been f o r  th e  p i p e r i d i n e  e o n fo rm er w ith  an  e q u a t o r i a l  lo n e -  
p a i r .  The SHOMO i s  h e a v i ly  adm ixed w ith  th e  a - a x i a l  CH b o n d in g  
o r b i t a l  i n  th e  p a r e n t  m o le c u le , w h ich  becom es th e  CC b o n d in g  
o r b i t a l  o f  an  a x ia l - 2 - m e th y l  s u b s t i t u e n t ,  r e m in is c e n t  o f  th e  
p i p e r i d i n e  eo n fo rm er w ith  an a x i a l  l o n e - p a i r .  In  t h i s  r e s p e c t ,  
t h e s e  two o r b i t a l s  s t e r e o e l e c t r o n i c a l l y  re se m b le  " e q u a t o r i a l "  and 
" a x i a l "  l o n e - p a i r s .
1 ,3 -D io x a n e , h a v in g  two h e te r o a to m s , each  w ith  two lo n e -  
p a i r s ,  has a  t o t a l  o f  fo u r  n o n -b o n d in g  m o le c u la r  o r b i t a l s .  
K o b ay ash i p ro p o se d  t h a t  th e  i o n i z a t i o n  o r d e r  f o r  th e  p a r e n t
1 ,3 - d io x a n e  to  be n~  , n+  , o , n-  , o , and n+ , w here (+ )  and ( - )* eq* ax  a x ’ ’ e q ’ '  '
24
H
HOMO
H
SHOMO
F i g u r e  3 .  O r b i t a l  C o n t o u r  P l o t s  o f  t h e  HOMO a n d  SHOMO 
o f  O x a n e .
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r e f e r  to  b ond ing  and a n t ib o n d in g  c o m b in a t io n s ,  r e s p e c t i v e l y ,  o f  
th e  a x i a l  (a x )  and  e q u a t o r i a l  ( e q )  l o n e - p a i r s .  U sing  a  s im p le  
p e r t u r b a t i o n  a p p ro a c h , th e  l o n e - p a i r  a n t ib o n d in g  ( - )  c o m b in a tio n s  
a r e  e x p e c te d  to  show o n ly  m in im al ch an g es i n  t h e i r  IP s  when 
s u b s t i t u e n t s  a r e  add ed  a t  C -2 o r  C -5 , i . e .  on th e  n o d a l p la n e  o f 
th e s e  o r b i t a l s .  S u b s t i t u e n t s  a t  C -4 a n d /o r  C-6 s h o u ld  show a 
l a r g e r  e f f e c t  th a n  a t  C -2 , b u t  th e  e f f e c t  i s  e x p e c te d  to  be 
s m a l le r  th a n  f o r  o x a n e , 6 ln ce  th e  c o e f f i c i e n t s  a t  e a ch  oxygen a r e  
1/JiTth o s e  in  oxan e . The l o n e - p a i r  bond ing  c o m b in a tio n s  (+ )  a r e
e x p e c te d  to  show a  l a r g e r  i n f lu e n c e  due to  s u b s t i t u e n t s  w hich  can
i n t e r a c t  w i th  th e  l o n e -  p a i r s  o f  b o th  oxygen a to m s , e s p e c i a l l y  a t  
th e  2 - p o s i t i o n .  C-5 S u b s t i t u e n t s  sh o u ld  a l s o  i n t e r a c t  w ith  th e  (+) 
c o m b in a tio n , b u t  th e  p o s s ib l e  o v e r la p  i s  d im in is h e d  b e c a u se  o f  th e  
d i s t a n c e  o f  s e p a r a t i o n .  S u b s t i t u e n t s  a t  th e  4 -  o r  6 - p o s i t i o n  can 
h y p e rc o n ju g a te  w ith  o n ly  one o f  th e  oxygens and t h e r e f o r e  w i l l  have 
l e s s  I n f lu e n c e  on th e  IP  th a n  from  th e  2 - p o s i t i o n .
eq.
e q
Of th e  two b ond ing  c o m b in a t io n s ,  th e  shape  o f  th e  ri^q O r b i t a l  
i n d i c a t e s  t h a t  i t s  s t r o n g e s t  i n t e r a c t i o n  sh o u ld  o c c u r  w ith  th e  
v i c i n a l  CC bonds o f  th e  r i n g ,  i . e . ,  th e  CC bonds on e i t h e r  s id e  o f
C 5, b u t  n o t  w i th  any o f  th e  CC bon d s to  s u b s t i t u e n t s .  The n*x
o r b i t a l  can  i n t e r a c t  w ith  bonds to  a x i a l  s u b s t i t u e n t s ,  m ost 
f a v o r a b ly  w ith  t h a t  o f  th e  2 - a x i a l  p o s i t i o n .  T h is  i s  s t i l l  a 
l e s s e r  p e r t u r b a t i o n  o f  th e  l o n e - p a i r  c o m b in a tio n , com pared to  th e  
I n t e r a c t i o n  o f  th e  two l o n e - p a i r s  and i s  e x p e c te d  to  be l e s s  th an  
th e  p e r t u r b a t i o n  an  a x ia l - 2 - m e th y l  g roup  c a u s e s  in  th e  p i p e r i d in e s
an d  o x a n e s . Even th o u g h  th e  m ag n itu d e  i s  l i k e l y  to  be l e s s ,  th e
m echanism  i s  i d e n t i c a l .
We have exam ined  th e  p h o to e le c t r o n  s p e c t r a  o f  some m e th y l-  
s u b s t i t u t e d  o x an es (F ig u r e  4 ) and  a  few 1 ,3 - d io x a n e s  ( F ig u r e  5 ) .
The IP s  a r e  a sse m b le d  in  T a b le s  5 and  6 , r e p e c t i v e l y .  A m e th y l 
s u b s t i t u e n t  on 1 ,3 -d io x a n e  p r e f e r s  th e  e q u a t o r i a l  p o s i t i o n ,  
o p p o s i t e  t o  th e  p r e f e r e n c e  o f  an  e l e c t r o n e g a t i v e  hydroxy  or 
m ethoxy g ro u p . T hese  same e le c t r o n e g a t i v e  s u b s t i t u e n t s  a l s o  show 
a  p r e f e r e n c e  fo r  th e  a x i a l  p o s i t i o n  o f  o x a n e . B y  a n a lo g y , a 
m e th y l g ro u p  i s  e x p e c te d  to  p r e f e r  an e q u a t o r i a l  p o s i t i o n  in  th e  
o x a n e s ,  a s  in  th e  p i p e r i d i n e s  and 1 ,3 - d io x a n e s  ( v id e  i n f r a ) .
The a d d i t i o n  o f  a  2 -m e th y l s u b s t i t u e n t  to  oxane d e c re a s e s  IP^ 
( e q u a t o r i a l  l o n e - p a i r )  by 0 .1 1  eV, w h ile  I P 2  ( a x i a l  l o n e - p a i r )  
d e c r e a s e s  by 0 .0 5  eV. A 4 - tn e th y l s u b s t i t u e n t  d e c re a s e s  th e  IP s  by 
0 .0 3  and  0 .1 1  eV, r e s p e c t i v e l y ,  r e l a t i v e  to  oxane . In  
c i s - 2 ,4 - d im e th y lo x a n e , th e  r e s p e c t i v e  IP s  a r e  d e c re a s e d  by 0 .1 5  and
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F ig u re  4 . P h o to e le c tro n  S p e c tra  o f  2 -M eth y lo x an e , 4 -M eth y lo x an e , c i s - 2 , 4 -D im e th y lo x a n e , 
and t r a n s - 2 , 6 -D im e th y lo x an e .
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F ig u re  5 . P h o to e le c tro n  S p e c tra  o f  c i s - 2 ,4 - D im e th y l - l ,3 - d io x a n e ,  c i s - 4 ,6 -D im e th y l-  
1 ,3 -d io x a n e , and 2 ,2 ,4 ,6 - T e t r a m e th y l - l ,3 - d io x a n e .
to
00
T ab le  5 . I o n iz a t io n  P o t e n t i a l s  o f  Oxanes (T e tra h y d ro p y ra n s )  
Oxane S u b s t l t u e n t ( s )  I P p  eVa IP 2 > eVa A IP]
  (9 .4 8 c ) ( 1 0 .90c ) -----
2-Me (e q )  9 .3 7  10 .85  - 0 . I I
4-Me (e q )  9 .45  10.79 - 0 .0 3
c l s - 2 ,4 -d l-M e  (e q , eq ) 9 .33  10.64  -0 .1 5
t r a n s - 2 , 6-d l-M e (e q , ax ) 9 .2 6  10.37  -0 .2 2
( a )  +  0 .0 5  eV; p r e v io u s ly  r e p o r te d  v a lu e s  a re  e n c lo se d  In  p a re n th e s e s .
(b )  Changes in  I P s ,  r e l a t i v e  to  th e  p a re n t  s p e c ie s .
( c )  R efe ren ce  51.
A IP 2
-0 .0 5
- 0 . 1 1
-0 .2 6
- 0 .5 3
hovO
T able  6 . I o n iz a t io n  P o t e n t i a l s  o f  1 ,3 -D io x an es  
1 ,3 -D io x an e  S u b s t i t u e n t ( s )  I P j ,  eVa  IP 2 > eVa IP 3 , eVa IP ^ , eVa
----- ( 1 0 . 1 2 c ) ( 1 0 .38c ) ( 1 1 . 6 6 c ) ( 1 2 .07c )
c ls - 2 ,4 -d i - M e 9 .83 10.15 11.35 11.75
c is - 4 ,6 -d i - M e 9 .82 10.14 11.29 11.61
2 , 2 , 4 , 6 - te tra -M e 9 .4 9 9. 75 10.92 11.31
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( a )  +  0 .0 5  eV; p r e v io u s ly  r e p o r te d  v a lu e s  a re  e n c lo se d  in  p a re n th e s e s .
(b )  C hanges in  I P s ,  r e l a t i v e  to  th e  1 ,3 -d io x a n e .
( c )  R efe ren ce  51.
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0 .2 6  eV, in  r e a s o n a b le  a g re e m e n t w ith  th e  v a lu e s  w h ich  w ould be 
p r e d i c t e d ,  a ssu m in g  t h a t  th e  s u b s t i t u e n t  e f f e c t s  on th e  IP s  a r e  
a d d i t i v e ,  a l th o u g h  th e  d e c re a s e  f o r  IP 2  i s  s l i g h t l y  g r e a t e r  th an  
w ould  be c a l c u l a t e d .  The a d d i t i o n  o f  an a x i a l  m e th y l g roup  to  
2 -m e th y lo x a n e  to  g iv e  t r a n s - 2 , 6 -d im e th y lo x a n e  c a u s e s  IP ]  to  
d e c r e a s e  0 .2 2  eV, e x a c t ly  d o u b le  t h a t  o b se rv e d  f o r  th e  f i r s t  
m e th y l g ro u p . IP 2  d e c r e a s e s  0 .5 3  eV, an  e f f e c t  much l a r g e r  
th a n  a n t i c i p a t e d  a ssu m in g  th e  a d d i t i v i t y  o f  s u b s t i t u e n t  e f f e c t s .  
Even a f t e r  c o n s id e r a t i o n  o f  th e  l im i t e d  number o f  s a m p le s , th e  
m easu rem en t l i m i t a t i o n s ,  and o th e r  f a c t o r s ,  I t  a p p e a r s  t h a t  t h i s  
a x i a l  m e th y l g ro u p  i s  r e s p o n s i b le  f o r  a  d e c re a s e  o f  0 .2 - 0 .3  eV i n  
th e  seco n d  IP .
I t  i s  r a t h e r  i n t r i g u i n g  t h a t  b o th  m eth y l g ro u p s  o f  t r a n s -  
2 , 6 - d im e th y lo x a n e  c a u se  e q u a l  d e c re a s e s  in  I P ] /  C o n s id e r in g  
th e  u n iq u e  e f f e c t  o f an  a x i a l  m e th y l g ro u p  on I P 2 1  i t  may have 
been  e x p e c te d  t h a t  th e  a x i a l  m e th y l g ro u p  w ould a l s o  e x e r t  a  
u n iq u e  I n f lu e n c e  on IP ]»  The e q u a l  m ag n itu d e  o f  th e  IP ]  
d e c r e a s e s  f o r  b o th  a x i a l  and e q u a t o r i a l  m e th y l g ro u p s  s u g g e s ts  
t h a t  th e  m echanism  f o r  s t a b i l i z i n g  th e  r a d i c a l  c a t i o n s  m igh t a l s o  
be th e  sam e. (T h is  i s  p a r t i c u l a r l y  r e l e v a n t  to  th e  d i s c u s s io n s  
c o n c e rn in g  th e  e f f e c t  o f  s u b s t i t u e n t s  on th e  IP s  o f  th e
1 ,3 - d io x a n e s . )  R e f e r r in g  back  to  th e  HOMO, o r e q u a t o r i a l  l o n e - p a i r  
i n  th e  o r b i t a l  c o n to u r  d ia g ra m s  ( F ig u r e  3 ) ,  i t  i s  e v id e n t  t h a t  th e  
l o n e - p a i r  i s  adm ixed w ith  th e  v i c i n a l  CC b o n d s . T h is  I s  th e  
p r im a ry  i n t e r a c t i o n  i n  t h i s  o r b i t a l .  The I n f lu e n c e  o f  a
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s u b s t i t u e n t  on t h l 6  o r b i t a l  w i l l  be a  s e c o n d a ry  i n t e r a c t i o n ,  s in c e  
a n o th e r  s u b s t i t u e n t  c a n n o t be a t t a c h e d  to  th e  oxyg en , b u t  I s  
bonded to  c a rb o n . T h is  s e c o n d a ry  I n t e r a c t i o n  In v o lv e s  a  1T-CB3  
o r b i t a l  o f  th e  m e th y l g ro u p , n o t  th e  CC bond. S in c e  an  e q u iv a le n t  
V-CH3  o r b i t a l  can  be draw n f o r  b o th  an  a x i a l  and an  e q u a t o r i a l  
s u b s t i t u e n t ,  i t  I s  r e a s o n a b le  t h a t  th e y  sh o u ld  have  an  e q u a l 
i n f l u e n c e  on th e  HOMO o f  o x an e .
The CC bond o r b i t a l s  o f  th e  r i n g  can  d e s t a b i l i z e  th e  HOMO and  
s t a b i l i z e  th e  r a d i c a l  c a t i o n  r e s u l t i n g  from  i o n i z a t i o n  from  t h i s  
o r b i t a l  o f  oxane by a  h y p e rc o n ju g a t lv e  m echanism . T hese  e f f e c t s  
a r e  n o t  d e p e n d en t on th e  p re s e n c e  o f  s u b s t i t u e n t s  and a l s o  o c c u r  in  
th e  p a r e n t  m o le c u le . The " e q u a t o r i a l ” l o n e - p a l r  i 6  n e a r ly  p a r a l l e l  
t o  th e  v i c i n a l  CC bond o r b i t a l s ,  F ig u re  3 . T h e r e f o r e ,  i t  i s  n o t  
s u r p r i s i n g  t h a t  we have  n o t  o b s e rv e d  a  d ra m a tic  d e c re a s e  in  th e  IF 
o f  th e  HOMO w ith  any s u b s t i t u t i o n  p a t t e r n .  The SHOMO i s  n e a r ly  
p e r p e n d ic u l a r  to  th e  v i c i n a l  CC bonds o f  th e  r in g  and i s  
d e s t a b i l i z e d  by a x i a l  2 -m e th y l s u b s t i t u e n t s .  The r a d i c a l  c a t i o n  
a r i s i n g  from  i o n i z a t i o n  from  t h i s  o r b i t a l  can  be s t a b i l i z e d  by 
h y p e r c o n ju g a t io n .  T h u s, a  s i g n i f i c a n t l y  l a r g e r  d e c re a s e  i n  th e  
SHOMO IP  i s  e x p e c te d  when an  a x i a l  2 -m e th y l g roup  i s  p r e s e n t ,  
com pared  to  th e  d e c re a s e  e x p e c te d  f o r  an e q u a t o r i a l  m e th y l 
s u b s t i t u e n t .  The d e c re a s e  o b se rv e d  due to  th e  2 - a x i a l  m eth y l g roup 
( a t  l e a s t  0 .3  eV) i s  co m p a rab le  in  m ag n itu d e  to  th e  d e c re a s e  
o b s e rv e d  f o r  an  a x i a l  m e th y l s u b s t i t u e n t  i n  th e  p i p e r i d i n e s  (v id e  
s u p r a ) .
The r e s u l t s  fo r  th e  1 ,3 - d io x a n e s  a r e  l e s s  o b v io u s ,  due to  a  
l a c k  o f  s u f f i c i e n t  num bers o f  d e f i n i t i v e  sam p les  a n d , more 
I m p o r ta n t ly ,  th e  I n a b i l i t y  to  a s s ig n  and v e r i f y ,  w i th  c e r t a i n t y ,  
a l l  th e  lo n e  p a i r  c o m b in a tio n s  In  th e  s p e c t r a  a s  th e  m e th y l g ro u p s  
a r e  a d d e d . The s p e c t r a  show th e  f i r s t  f o u r  i o n i z a t i o n s  to  be
r e a s o n a b ly  s e p a r a te d ,  b u t th e  re m a in d e r  a re  p o o r ly  r e s o lv e d .  The 
p o s s i b i l i t y  t h a t  th e  i o n i z a t i o n  o r d e r  may change i s  an  added  
u n c e r t a i n t y .
The a d d i t i o n  o f  two e q u a t o r i a l  m eth y l g ro u p s  to  1 ,3 -d io x a n e  
t o  form  c l s - 4 , 6 -d im e th y 1 - 1 , 3 -d io x a n e  c a u se s  a  0 . 2 9  eV d e c re a s e  in  
I P j  ( t h e  n^q c o m b in a t io n ) ,  r e l a t i v e  to  1 ,3 - d io x a n e ,  o r  0 .1 5  eV 
p e r  m e th y l g roup  s in c e  b o th  sh o u ld  be e q u iv a l e n t .  IP 2  ( t h e  n+x 
c o m b in a tio n )  d e c re a s e s  0 .2 3  eV, o r  0 .1 2  eV p e r  m e th y l g ro u p . 0 .3 1
and  0 .3 2  eV d e c r e a s e s  a r e  o b s e rv e d  f o r  IP 3  ( o ) and IP 4
^n a x  ) » r e s p e c t i v e l y ,  o r 0 .1 6  eV p e r  m eth y l g roup  i n  each  c a s e .
A l t e r i n g  th e  p o s i t i o n  o f  one o f  th e  m eth y l g ro u p s  to  form  
c i s - 2 ,4 - d i m e t h y l - 1 ,3 - d i o x a n e ,  c a u s e s  e s s e n t i a l l y  no c h a n g es  in  th e  
f i r s t  two I P s ,  o r  th e  p e r  m eth y l e q u iv a l e n t s  ( c f .  T a b le  6 ) .  The 
d e c r e a s e s  in  I P 3  an d  IP 4  a r e  0 .3 7  an d  0 .4 6  eV, r e s p e c t i v e l y .
S in c e  we have a l r e a d y  d e te rm in e d  th e  p e r  m eth y l e q u iv a l e n t  f o r  th e  
4 -m e th y l g ro u p  to  be 0 .1 6  eV f o r  th e s e  two I P s ,  th e  re m a in d e r  
r e p r e s e n t s  th e  c o n t r i b u t i o n  from  th e  2 -m e th y l  g ro u p ; t h e  in c re m e n ts  
a r e  0 .2 1  and  0 .3 0  eV, r e s p e c t i v e l y ,  f o r  IP 3  and  IP^«
A ssum ing t h a t  s u b s t i t u e n t  e f f e c t s  a r e  a d d i t i v e  and 
t e m p o r a r i ly  d i s r e g a r d in g  th e  p o s s i b i l i t y  o f  a  h y p e rc o n ju g a t iv e
i n f l u e n c e ,  th e  IP s  o f  2 , 2 , 4 , 6 - t e t r a m e t h y l - l , 3 - d i o x a n e  nay  be 
p r e d i c t e d  from  th e  p r e v io u s  r e s u l t s .  I P j  i s  e x p e c te d  to  
d e c r e a s e  by 0 .6 0  eV (4  x  0 .1 3  e V) ,  IP 2  s h o u ld  d e c re a s e  by 0 .4 8  
eV (4  x  0 .1 2  e V) ,  IP 3  s h o u ld .d e c r e a s e  0 . 7 4  eV ( 2  x  0 .1 6  eV +  2 
x  0 .2 1  e V ), and IP 4  sh o u ld  d e c re a s e  by 0 .9 2  eV (2  x  0 .1 6  eV +
2 x  0 .3 0  eV ). The o b s e rv e d  d e c r e a s e s  a r e  0 .6 3  eV, 0 .6 3  eV, 0 .7 4
eV, and 0 .7 6  eV , r e s p e c t i v e l y .  I P j  and  I P 3  a r e  in  
e x c e l l e n t  a g re e m e n t w ith  th o s e  p r e d i c t e d ,  w h ile  1 P2  i s  lo w er 
th a n  p r e d i c t e d  and IP 4  i s  h ig h e r*  I f  th e  a d d i t i v e  e f f e c t s  
above  re m a in  v a l i d ,  th e  a x ia l - 2 - m e th y l  g ro u p  c a u s e s  a  0 . 2 7  eV 
d e c r e a s e  i n  IP 2 * th e  n+x  c o m b in a tio n . T h is  d e c re a s e  i s  
m ore th a n  d o u b le  t h a t  e x p e c te d , s i m i l a r  i n  m ag n itu d e  to  t h a t  
o b s e rv e d  i n  th e  o xanes and p i p e r i d i n e s .  T h is  s te r e o c h e m ic a l  
d ep en d en ce  i s  n o t  a s  w e l l - s u b s t a n t i a t e d  due to  th e  sm a ll  number o f 
s a m p le s .
The s m a l le r  d e c re a s e  th a n  e x p e c te d  in  IP 4  i s  n o t  
u n d e r s to o d .  The i o n i z a t i o n  i s  a s s ig n e d  to  th e  n~ o r b i t a l  in  th e
p a r e n t ,  b u t th e  p o s s l b l l t y  e x i s t s . t h a t  a  change  i n  th e  i o n i z a t i o n
o r d e r  h a s  o c c u r r e d .  The n a tu r e  o f  th e  o o r b i t a l  and th e  e f f e c t  o f 
s u b s t i t u e n t s  on i t  a r e  u n c e r t a i n .
ST0-3G c a l c u l a t i o n s  on oxane w hich  has a  s l i g h t l y  p u ck e red  
c o n fo rm a t io n  a c c o rd in g  to  m icrow ave s p e c t r o s c o p y ,5 4 -5 5  an(j t jje 
r e p la c e m e n t  o f  v a r io u s  a -h y d ro g e n s  by a  s ta n d a r d  m eth y l g roup  
r e p ro d u c e  th e  e x p e r im e n ta l ly  o b se rv e d  s te r e o c h e m ic a l  d e p e n d en c e .
T ab le  7 . ST0-3G O r b i ta l  E n e rg ie s  fo r  Oxanes (T e tra h y d ro p y ra n s )  
Oxane S u b s t i tu e n t  (eV ) A ej3  (eV)
8 .5 0    9 .7 5
eq-2-M e 8 .2 5  - 0 .2 5  9 .63
ax-2-M e 8 .3 2  - 0 .1 8  9 .47
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( a )  R e la t iv e  to  oxane.
The c a l c u l a t e d  IP s  (T a b le  7 )  I n d i c a t e  t h a t  an e q u a to r ia l - 2 - m e th y l  
g ro u p  e x e r t s  a  s l i g h t l y  g r e a t e r  i n f lu e n c e  on th e  HOMO th a n  does an 
a x ia l - 2 - m e th y l  g ro u p . C o n v e rs e ly , th e  a x ia l - 2 - m e th y l  g roup  
I n f lu e n c e s  th e  SHOMO much more th a n  th e  e q u a to r i a l - 2 - m e th y l  g ro u p . 
W hile  th e  a b s o lu t e  m a g n itu d e s  o f  th e  e f f e c t s  i n d i c a t e d  by th e  
c a l c u l a t i o n s  may be i n c o r r e c t ,  th e  t r e n d s  a r e  i n  r e a s o n a b le  
a g re e m e n t w i th  th e  e x p e r im e n ta l  r e s u l t s .  The s te r e o c h e m ic a l  
d ep en d en ce  o f  an  a x i a l - 2 - ra e th y l  g ro u p , th e  s u b s ta n c e  o f  th e  
h y p e rc o n ju g a t iv e  m echanism , i s  r e p ro d u c e d .
METHYL SUBSTITUTED 4-tert-BUTYLCYCLOHEXANONES
The HOMO o f  c y c lo h e x a n o n e , 4- t e r t - b u ty Ic y c lo h e x a n o n e , and 
num erous o th e r  k e to n e s - ’6~59 i s  an oxygen l o n e - p a i r  o r b i t a l  w hich  
may be adm ixed  w ith  o th e r  o r b i t a l s  o f  a p p r o p r i a t e  sym m etry . The 
SHOMO o f  m ost k e to n e s  i s  th e  o r b i t a l  w h ich  may a l s o  be
adm ixed  w i th  o t h e r s ,  a s  i n  th e  c a se  o f  c y c lo h e x a n o n e  (v id e  
i n f r a ) .
The pes sp e c tru m  o f  c y c lo h e x a n o n e  shows th e  f i r s t  i o n i z a t i o n
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band ( l o n e - p a i r ,  IP  •= 9 .1 8  eV) to  be w e l l - s e p a r a te d  from  th e  
r e m a in d e r ,  b u t  th e  seco n d  band h as  m erged i n t o  th e  a  fram ew ork . The 
s p e c tru m  o f  4 - t e r t - b u ty lc y c lo h e x a n o n e  6 hows a  w e l l  s e p a r a te d  f i r s t  
band  and two a d d i t i o n a l ,  b u t  p o o r ly  r e s o lv e d ,  bands below  11 eV. In  
a d d i t i o n ,  th e  r e g io n  betw een  12 and  14 eV i s  I n t e n s i f i e d ,  and 
r a t h e r  f e a t u r e l e s s ,  a s  seem s t y p i c a l  o f  com pounds w ith  a  t e r t -  
b u ty l  s u b s t i t u e n t .  The f i r s t  o f  th e  p o o r ly  r e s o lv e d  bands below  
11 eV h as  been  a t t r i b u t e d  to  th e  by one a u th o r  from  a
s tu d y  o f  2 —c h lo ro c y c lo h e x a n o n e . j h e  second  o f  th e s e  two p o o r ly  
r e s o lv e d  bands was a s s ig n e d  to  a  a i o n i z a t i o n .
We have  exam ined  a  sm a ll number o f  m e t h y l - s u b s t i t u t e d  4 - t e r t -  
b u ty lc y c lo h e x a n o n e s  to  d e te rm in e  w h e th e r  th e  c o n fo rm a t io n a l  
d ep e n d en c e  shown in  th e  p r e v io u s  s tu d i e s  m ig h t a l s o  e x i s t  betw een 
th e  c a rb o n y l  g roup  and an a x i a l  m e th y l g ro u p . The s p e c t r a  (F ig u re  
6 ) a r e  v e ry  s im i l a r  in  a p p e a ra n c e . O nly m in im al c h a n g es  a r e  
o b s e rv e d  in  th e  f i r s t  th r e e  IP s  as  s in g l e  m eth y l g ro u p s  a re  added  
(T a b le  8 ) .  R e l a t i v e  to  4 - t e r t - b u ty lc y c lo h e x a n o n e , th e  l o n e - p a i r  IP  
( I P | )  i s  changed  l e s s  th a n  e x p e r im e n ta l  e r r o r  (+  0 .0 5  eV) when a 
2 -m e th y l  g roup  i s  a d d e d , r e g a r d l e s s  o f  th e  a x i a l  o r e q u a t o r i a l  
p o s i t i o n .  Two m e th y l g ro u p s  c a u se  a 0 .1  eV d e c r e a s e ,  a g a in  w ith  
e s s e n t i a l l y  no d i f f e r e n t i a t i o n  betw een  th e  e l s  and 
t r a n s - 2 , 6 -d im e th y 1 -4 - t e r t - b u ty lc y c lo h e x a n o n e  c o n fo rm e rs . These 
r e s u l t s  a r e  n o t  to o  s u r p r i s i n g ,  a s  th e  lo n e  p a i r  1 b m ixed p r im a r i ly  
w i th  th e  v i c i n a l  CC bonds to  th e  c a rb o n y l  c a rb o n  a tom . A 
th ro u g h - s p a c e  in te rac tio n * * ®  c o u ld  be e n v is io n e d ,  o r e l e c t r o n -
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F i g u r e  6
_ L ______I_______ I_______ I_____ t  _ I
8 10 12 14 16 18
Ion iza t ion  Po ten t ia l
P h o t o e l e c t r o n  S p e c t r a  o f  C yc lohexanone  
and  4 - t e r t - B u t y l c y c l o h e x a n o n e .
Table  8 . I o n i z a t i o n  P o t e n t i a l s  of 4 - t e r t - B u ty lc y c lo h e x a n o n e s
4- t e r t - B u ty lc y d o h e x a n o n e  S u b s t i t u e n t ( s )  IPj» eVa  I P 2 » eVa A IP j
9 .06  ( 9 . 04c ) 10.62 (1 0 .5 4 c )------------ -----
eq-2-Me 9 .08  10 .50 + 0 .02
ax-2-Me 9 .0 6  10.55 -----
c i s - 2 , 6 -d i-M e ( e q ,  eq )  8 .9 6  10.42 - 0 .1 2
t r a n s - 2 , 6 -d i-M e ( e q ,  ax )  8 .9 7  10.39 - 0 .1 1
t i n a s a B s q q a a a a s B a a d a s B a B a a e s a t i t s B S R B B a a t i g q n B a B S s a a a a s a s a a v a q a n n a B B t t f i a n s B B a B i i n H B a a B t t i i i a B i
( a )  +  0 .0 5  eV; p r e v i o u s ly  r e p o r t e d  v a lu e s  a r e  e n c lo s e d  i n  p a r e n t h e s e s .
(b )  Changes in  I P s ,  r e l a t i v e  to  th e  p a re n t  s p e c i e s .
( c )  R e fe ren ce  56.
AIP2
- 0.12  
- 0 .0 7  
- 0.20  
- 0 .2 3
u>U3
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d o n a t i o n  t o  t h e  tt o r b i t a l ,  w hich  c o u ld  i n c r e a s e  th e  e l e c t r o n  
d e n s i t y  on ox y g en ,  and c o n s e q u e n t ly  d e c r e a s e  t h e  l o n e - p a i r  IP .  
However, th e  f l a t t e n i n g  o f  th e  r i n g  s u g g e s t s  t h a t  t h e r e  s h o u ld  be 
l i t t l e  i f  any d i f f e r e n t i a t i o n  betw een  th e  a x i a l  and e q u a t o r i a l  
p o s i t i o n s  f o r  I n t e r a c t i o n  w i t h  e i t h e r  th e  l o n e - p a i r  o r  tt o r b i t a l  
( v i d e  i n f r a ) .
The t r e n d s  f o r  t h e  s e co n d  I P s  a r e  a l s o  q u i t e  s i m i l a r .  The 
s e c o n d  IP  d e c r e a s e s  0 .1 2  eV due t o  an  e q u a t o r i a l - 2 - m e t h y l  g ro u p ,  
b u t  o n ly  by 0 .0 7  eV f o r  an  a x i a l - 2 - m e t h y l ,  g ro u p .  The e q u a t o r i a l  
( s e c o n d )  m e th y l  g roup  o f  t h e  c i s - 2 , 6 - d i m e t h y l  d e r i v a t i v e  c a u s e s  an 
a d d i t i o n a l  0 . 1 0  eV d e c r e a s e ,  w h i l e  t h e  a x i a l  m e th y l  g ro u p  o f  th e  
t r a n s - 2 , 6 - d i m e t h y l  Isom er c a u s e s  a  d e c r e a s e  o f  0 .1 1  eV, compared to  
2 - m e th y l - 4 - t e r t - b u t y lc y c lo h e x a n o n e . The IP  d e c r e a s e s ,  when compared 
t o  t h e  IP s  o f  4 - t e r t - b u t y l c y c lo h e x a n o n e , a r e  q u i t e  s m a l l ,  w i th  
l i t t l e  d i s t i n c t i o n  betw een  a x i a l  and e q u a t o r i a l  s u b s t i t u e n t s .  The 
t h i r d  IP  d e c r e a s e s  0 .0 8  eV f o r  t h e  f i r s t  m e th y l  s u b s t i t u e n t  and
0 .0 5  eV f o r  t h e  second  m e th y l  s u b s t i t u e n t ,  i n  b o th  I s o m e rs .
The poor r e s o l u t i o n  o f  th e  second  and t h i r d  i o n i z a t i o n s ,  and 
t h e  s u b s e q u e n t  u n c e r t a i n t y  i n  t h e  a s s ig n m e n t  o f  t h e s e  b a n d s ,  
c o u p le d  w i t h  t h e  s i g n i f i c a n t  f l a t t e n i n g  o f  th e  c a r b o n y l  end o f  the  
r i n g ,  a l l  t e n d  to  make t h e  above  r e s u l t s  I n c o n c l u s i v e .  The 
s t e r e o c h e m i c a l  dependence  found  e a r l i e r  does  n o t  seem to  be 
p r e s e n t  i n  t h e s e  c y c lo h e x a n o n e s .
The c r y s t a l  s t r u c t u r e  o f  4- t e r  t - b u ty lc y c lo h e x a n o n e ^ * 
i n d i c a t e s  t h a t  t h e  c a r b o n y l  end o f  th e  r i n g  i s  f l a t t e n e d  by 17°
f rom  t h e  I d e a l  c h a i r  c o n f o r m a t io n .  (The o p p o s i t e  end i s  a l s o  
s l i g h t l y  f l a t t e n e d . )  U s in g  t h i s  g e o m e try ,  b u t  w i th o u t  t h e  
t e r t - b u t y l  g r o u p ,  ST0-3G c a l c u l a t i o n s  have  been p e r fo rm e d  on 
2 - m e th y lc y c lo h e x a n o n e ,  w i t h  t h e  m e th y l  g roup  i n  b o th  t h e  a x i a l  and 
e q u a t o r i a l  p o s i t i o n s .  The HOMO i s  th e  oxygen lo n e  p a i r  w h i le  t h e  
SHOMO i s  t h e  t tqbq , a s  shown i n  t h e  c o n to u r  d ia g ra m s  o f  F ig u r e
7. The a d d i t i o n  o f  t h e  s t a n d a r d  m eth y l  g roup  showed th e  
e q u a t o r i a l - 2 - m e t h y l  co n fo rm er  to  be f a v o r e d  by 1 .9 3  k c a l / m o l e .
The c a l c u l a t e d  I P s  ( T a b le  9 )  o f  t h e  e q u a t o r i a l  c o n fo rm er  (8 .4 6  eV 
an d  1 0 .2 9  eV) a r e  s l i g h t l y  h i g h e r  th a n  t h o s e  o f  t h e  a x i a l - 2 - m e t h y l  
c o n fo rm e r  ( 8 .4 2  eV and  1 0 .2 0  e V ) .  The c a l c u l a t i o n s  I n d i c a t e  a 
s l i g h t  s t e r e o c h e m i c a l  d e p e n d e n c e ,  b u t  a p p a r e n t l y  t h i s  dependence  
i s  to o  s m a l l  to  be o b s e rv e d  e x p e r i m e n t a l l y .
SUMMARY
I n  t h e s e  t h r e e  s t u d i e s  o f  p i p e r i d i n e s ,  o x a n e s ,  and
1 , 3 - d i o x a n e s ,  h y p e r c o n j u g a t i o n ,  p o l a r i z a b i l i t y , and i n d u c t i v e  
e f f e c t s  have  been c o n s i d e r e d  and e v a l u a t e d  a s  p o s s i b l e  m echanism s 
t o  s t a b i l i z e  r a d i c a l  c a t i o n s .  An i n d u c t i v e  m echanism  s h o u ld  be 
d e p e n d e n t  o n ly  on t h e  number o f  bonds s e p a r a t i n g  t h e  s u b s t i t u e n t  
from  t h e  l o n e - p a i r  or c a r b o n y l  g ro u p .  T h i s  mechanism  c l e a r l y  does 
n o t  a l l o w  f o r  th e  s t e r e o c h e m i c a l  dependence  found  e x p e r i m e n t a l l y .  
The o n ly  s e r i e s  i n  w hich  i n d u c t i v e  e f f e c t s  may be o f  c o n s e q u e n c e ,  
b a s e d  on th e  e x p e r i m e n t a l  IP s  i s  t h e  c y d o h e x a n o n e s ; h e r e ,  the
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F i g u r e  7 .  O r b i t a l  C o n t o u r  P l o t s  o f  t h e  HOMO a n d  
SHOMO o f  C y c l o h e x a n o n e .
Table  9 .  ST0-3G O r b i t a l  E n e rg ie s  fo r  Cyclohexanones 
Cyclohexanone S u b s t i t u e n t  (eV) ^ e l a  ~e2
eq-2-Me
a x - 2 -Me
8.51
8 .46
8.42
- 0 .0 5
- 0 .0 9
10.33
10.29
10.20
e B B H t i i s i t t g B a B a e a n a D D B S B B U 3 q a a D f l B a i t a ) a q i i a s B a B 3 a B a a i 3 i a B S B B B B a a a B a « g a B S i 3 a a s B B B a s a a s a B D
( a )  R e l a t i v e  to  cyc lohexanone.
&c2a
- 0 .0 4
- 0 .1 3
4NOJ
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c h a n g e s  a r e  q u i t e  s m a l l  and e s s e n t i a l l y  e q u a l  f o r  b o th  e q u a t o r i a l  and 
a x i a l  m e th y l  s u b s t i t u e n t s .
The p o l a r i z a b i l i t y  m echanism  ( t h e  c h a rg e  in d u c in g  a  d i p o l e  in  
t h e  s u b s t i t u e n t )  h a s  been  b o th  e x p e r i m e n t a l l y  and c o m p u t a t i o n a l l y  
r u l e d  o u t  a s  th e  p red o m in a n t  m echanism o f  IP  c h a n g e  by m eth y l  
s u b s t i t u e n t s  i n  p i p e r i d i n e s .  The p o l a r i z a b i l i t y  m echanism  s h o u ld  
h a v e  shown a  g r e a t e r  i n f l u e n c e  on t h e  IP  from  t h e  3 - a x i a l  
p o s i t i o n ,  a s  w e l l  a s  from  t h e  2 - e q u a t o r i a l  p o s i t i o n ,  w hich  a r e  
b o t h  c l o s e r  t o  th e  lo n e  p a i r  th a n  an a x i a l - 2 - m e t h y l  g ro u p .  In  view 
o f  t h e  s i m i l a r i t i e s  be tw een  p i p e r i d i n e s ,  o x a n e s ,  and 1 , 3 - d i o x a n e s , 
i t  1 b s u g g e s te d  t h a t  p o l a r i z a b i l i t y  i s  n o t  th e  p red o m in an t  
m echanism  i n  t h e  oxanes  and 1 , 3 - d i o x a n e s , even th o u g h  i t  1 6  n o t  
r u l e d  o u t  a s  e f f e c t i v e l y  a s  in  t h e  p i p e r i d i n e  c a s e .
The h y p e r c o n j u g a t i o n  m echanism in  w hich  a  s t e r e o c h e m ic a l  
d e p e n d en c e  e x i s t B  betw een  th e  l o n e - p a i r  and th e  s u b s t i t u e n t  f o r  
t h e  d e l o c a l i z a t i o n  o f  a  bo n d in g  p a i r  o f  e l e c t r o n s  i s  c o n s i s t e n t  
w i t h  t h e  e x p e r i m e n t a l l y  d e te r m in e d  IP s  and th e  c a l c u l a t e d  I P s .
T h i s  has  been e f f e c t i v e l y  d e m o n s t ra te d  f o r  th e  p i p e r i d i n e s ,  o x a n e s ,  
an d  1 , 3 - d io x a n e s  i n  t h i s  s tu d y .
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CHAPTER I I I .  N-ARYLAZACYCLOALKANES
INTRODUCTION
The I n f l u e n c e  o f  ^ " a r y l  s u b s t i t u t i o n  upon t h e  s o l u t i o n  
b a s i c i t i e s  o f  a z a c y c l o a l k a n e s  ( c y c l i c  im in e s )  h a s  been  s t u d i e d  by 
S e a r l e s  an d  S e y e d re z a i*   ^ The b a s i c i t i e s  o f  a z l r i d i n e  and N-methy1~ 
a z i r l d i n e  a r e  ^ 3  pKa u n i t s  low er  th a n  th o s e  o f  th e  a z e t l d l n e ,  
p y r r o l i d i n e ,  and p i p e r i d i n e  a n a l o g s .  T h is  has been a t t r i b u t e d  to 
t h e  h i g h  s  c h a r a c t e r  and low b a s i c i t y  o f  th e  a z i r l d i n e  n i t r o g e n  
lo n e  p a i r . *“ 3 However, th e  N -p h e n y l  d e r i v a t i v e s  show a  c u r i o u s  
an o m aly .  J t - p h e n y l p i p e r l d l n e  i s  ^ 2  pKa u n i t s  l e s s  b a s i c  th a n  th e  
c o r r e s p o n d in g  a z e t l d l n e  and p y r r o l i d i n e .  N o n - r e g u la r  b e h a v io r  I s  
a l s o  o b s e rv e d  f o r  2 - t o l y l - ,  2 , 4 - x y l y l - ,  and 2 , 6 - x y l y l -  d e r i v a t i v e s .  
T h i s  u n u s u a l  b e h a v io r  may r e s u l t  from a  complex I n t e r p l a y  o f  
h y b r i d i z a t i o n ,  c o n f o r m a t i o n a l  e f f e c t s ,  a r y l  ^ -n ^  l o n e - p a i r  
c o n j u g a t i o n ,  and s o l v a t i o n  d i f f e r e n c e s  f o r  th e  d i f f e r e n t  r i n g  s i z e s  
an d  s u b s t i t u t i o n  p a t t e r n s .
As t h e  r i n g  s i z e  i s  c h a n g ed ,  th e  h y b r i d i z a t i o n  a b o u t  t h e  
n i t r o g e n  can  a l s o  c h a n g e ,  and t h i s  can  change  Che b a s i c i t y  In  
d i f f e r e n t  w a y s .^ “ 3 On t h e  one hand, maximum o v e r l a p  can  o c c u r  
be tw een  a p u re  p - l o n e - p a i r  o r b i t a l  on n i t r o g e n  and th e  tt o r b i t a l s  
o f  th e  a r o m a t i c  r i n g ;  t h e  r e s u l t a n t  r e s o n a n c e  d e l o c a l i z a t i o n  w i l l  
d e c r e a s e  t h e  b a s i c i t y  o f  th e  am ine . In  o p p o s i t i o n  to  t h i s  e f f e c t ,  
a s  th e  amount o f  s c h a r a c t e r  I n c r e a s e s ,  t h e  b a s i c i t y  i s  e x p e c te d  to  
d e c r e a s e .  The amount o f  o v e r l a p  ( c o n j u g a t i o n )  be tw een  th e  a r o m a t l c -  
o r b i t a l s  and th e  am ine l o n e - p a i r  I s  dep en d s  on t h e  c o n fo r m a t io n .
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R o t a t i o n  from  a  c o p la n a r  a r r a n g e m e n t  d e c r e a s e s  th e  o v e r l a p .  The 
h y b r i d i z a t i o n  a b o u t  t h e  n i t r o g e n  a f f e c t s  t h e  amount o f  c o n ju g a t io n .  
As t h e  amount o f  6  c h a r a c t e r  I n  t h e  l o n e - p a i r  o r b i t a l  I n c r e a s e s , 
t h e  a b i l i t y  t o  c o n j u g a t e  w i t h  t h e  a r o m a t i c  it o r b i t a l s  d e c r e a s e s .
A p u re  p o r b i t a l  would be p a r a l l e l  to  th e  tt o r b i t a l s ,  t i l t i n g  
to w a rd  a  p e r p e n d i c u l a r  o r i e n t a t i o n  f o r  sp h y b r i d i z a t i o n .  An s 
o r b i t a l  would n o t  o v e r l a p  t o  any a p p r e c i a b l e  e x t e n t  w i th  th e  p 
o r b i t a l s  o f  th e  a r o m a t i c  r i n g .
D i f f e r e n c e s  e x i s t  be tw een  o b s e rv e d  s o l u t i o n  and g a s - p h a s e  
b a s i c i t i e s  o f  a m in e s .  S o l v a t i o n  e f f e c t s  a r e  assum ed to  be 
r e s p o n s i b l e  f o r  t h e s e  d i f f e r e n c e s ,  b u t  a r e  vague and h a rd  to  
d e f i n e ,  much l e s s  q u a n t i t a t e .
F h o t o e l e c t r o n  s p e c t r o s c o p y  h a s  been shown to  be a  s e n s i t i v e  
p ro b e  f o r  c o n j u g a t i o n  be tw een  two t s y s te m s ,  be tw een  a  l o n e - p a i r  
and  a  v s y s te m ,  and t h u s  o f  c o n f o r m a t io n .^  L o n e - p a i r  i o n i z a t i o n  
p o t e n t i a l s  a r e  known t o  c o r r e l a t e  w i th  gas  phase  p r o to n  a f f i n i t i e s .  
F u r th e r m o r e ,  Aue h a s  r e p o r t e d  a  d e t e r m i n a t i o n  o f  th e  l o n e - p a i r  
h y b r i d i z a t i o n  from  a  d e t e r m i n a t i o n  o f  th e  p h o t o e l e c t r o n  s p e c t r a l  
l i n e  s h a p e . ^  T h u s ,  i n  p r i n c i p l e ,  pes  can  i s o l a t e  th e  im p o r ta n t  
i n h e r e n t  c o n f o r m a t io n a l  and  e l e c t r o n i c  f a c t o r s  r e l a t e d  t o  gas  phase  
b a s i c i t i e s ,  and  by c o m p a r iso n  t o  s o l u t i o n  d a t a ,  i t  i s  p o s s i b l e  to  
d e te r m in e  th e  r o l e  o f  s o l v a t i o n  on p K a 's ,  a s  w e l l .  In  o r d e r  to  
i d e n t i f y  some o f  t h e s e  c o n f o r m a t io n a l  and e l e c t r o n i c  f a c t o r s  
p r e s e n t  i n  a r y l - s u b s t i t u t e d  a z a c y c l o a l k a n e s , we have  exam ined  th e  
p h o t o e l e c t r o n  s p e c t r a  o f  t h e  e x t e n s i v e  B e r ie s  o f  a r y l a z a c y c l o -
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a l k a n e s  i n d i c a t e d  below .
R ICHaVi - 1
n = 3 -6  
R R = H,Me,Et
P a r t i c u l a r l y  r e l e v a n t  to  t h i s  B tudy, th e  p h o t o e l e c t r o n  s p e c t r a  
o f  a  number o f  a l k y l - s u b s t i t u t e d  a n i l i n e s  have been  s t u d i e d  
p r e v i o u s l y .  C ow ling  and J o h n s to n e ^  a s s i g n e d  t h e  f i r s t  two 
I o n i z a t i o n s  i n  a s e r i e s  o f  a n i l i n e s  to  th e  b j  a nd a 2 ~ l i k e  
o r b i t a l s  o f  b e n z e n e ,  w h i l e  t h e  t h i r d  band was p resum ed  to  a r i s e  
f rom  an i o n i z a t i o n  o f  th e  n i t r o g e n  l o n e - p a i r .  M a ie r  and Turner®  
r e v e r s e d  th e  a s s ig n m e n t s  o f  t h e  l o n e - p a i r  and b j  o r b i t a l s .  Our 
a n a l y s i s , ^  w h ic h  f o l l o w s ,  i s  i n  a g re e m e n t  w i t h  t h e  l a t t e r  o f  
t h e s e  a s s i g n m e n t s . ® » * 0  p o r  m ost a n i l i n e s ,  t h r e e  i o n i z a t i o n  
p o t e n t i a l s  a r e  o b s e rv e d  below  11 eV. A l l  t h r e e  a r i s e  from  u - l i k e  
o r b i t a l s  w hich  may be f o r m a l l y  d e r i v e d  from  th e  n i t r o g e n  l o n e - p a i r  
a n d  th e  d e g e n e r a t e  HOMO's o f  b e n z e n e , aS s hown i n  F i g u r e  8 .
The m ix in g ,  w hich  o c c u r s  i n  th e  p l a n a r  m o le c u le ,  p r e c l u d e s  th e  
d e s i g n a t i o n  o f  any  o r b i t a l  o f  a n i l i n e  a s  a  p u re  " n i t r o g e n  l o n e -  
p a i r "  o r b i t a l .  F o r  s i m p l i c i t y ,  how ever, we w i l l  r e f e r  t o  t h e  HOMO 
b a s e d  on i t s  a p p e a ra n c e  i n  t h e  s p e c t r a ,  a s  t h e  " n i t r o g e n  l o n e - p a i r "  
( n ^ )  o r b i t a l .  I t  i s  t y p i c a l l y  a  b road  band . The o t h e r  two
_  .  N 's l '
, ,  ^ w °s
Phs &U&&-IK ♦w5"*5
F ig u re  8 . The T hree  H ig h e s t  O ccupied M o le c u la r  O r b i t a l s  o f  N - A ry la z a c y c lo a lk a n e s .
Ln
Lo
o r b i t a l s  w i l l  be r e f e r r e d  to  a s  PhA ( a £ )  and Phg ( b p .
T h e se  a r e  t h e  tt o r b i t a l s  p r i m a r i l y  l o c a l i z e d  on b e n z e n e .  They a r e  
a n ts y m m e t r i c  (A) an d  sym m etr ic  (S )  w i t h  r e s p e c t  t o  t h e  symmetry 
p l a n e  p e r p e n d i c u l a r  t o  th e  benzene  r i n g .  M e thy l  s u b s t i t u e n t ( s )  on 
t h e  p h e n y l  r i n g  o r  r o t a t i o n  a b o u t  th e  pheny l-N  bond d e s t r o y  th e  
p l a n a r  symmetry and a l l o w  a d d i t i o n a l  o r b i t a l s  to  mix w i t h  e a ch  
o t h e r ,  m aking t h e s e  d e s c r i p t i o n s  more q u a l i t a t i v e ,  b u t  s t i l l  u s e f u l  
As t h e  n i t r o g e n  l o n e - p a i r  i s  r o t a t e d  tow ard a  c o n f o r m a t io n  in  w hich 
t h e  l o n e - p a i r  i s  p e r p e n d i c u l a r  t o  th e  p la n e  o f  th e  benzene  f ra g m en t  
t h e  c o n t r i b u t i o n  o f  Phg t o  n ^ ,  and v i c e  v e r s a ,  w i l l  be l e s s  
th a n  when th e  two o r b l t a l B  a r e  c o p la n a r .
W hereas th e  s p e c t ru m  o f  N ^ N -d im e th y la n i l in e  g i v e s  t h r e e  bands 
a t  7 .4 5 ,  9 .6 0 ,  and 9 .8 5  eV, i n d i c a t i v e  o f  p l a n a r i t y  and s i m i l a r  to  
o t h e r  a n i l i n e s ,  th e  s p e c t ru m  o f  * ^ > N » 2 - t r im e th y la n i l in e  r e v e a l e d  
some d e v i a t i o n  from  a p l a n a r  c o n f o r m a t io n .^  A l th o u g h  t h r e e  
lo w - e n e r g y  I P ' s  a r e  o b s e r v e d ,  th e  f i r s t  band was n o t i c e a b l y  
b r o a d e n e d ,  t h e  second  band had  a  s l i g h t  i n c r e a s e  i n  r e l a t i v e  
i n t e n s i t y ,  and  th e  r e s o l u t i o n  betw een  th e  second  and t h i r d  bands  
was n o t i c e a b l y  d e c r e a s e d .  The s p e c t ru m  o f  2 , 6 - r t e t r a m e th y l -  
a n i l i n e  r e v e a l e d  o n ly  two lo w -e n e rg y  bands w i th  a  f u r t h e r  i n t e n s i t y  
I n c r e a s e  i n  t h e  se co n d  band.
O
M a ie r  and T u r n e r 0 a t t e m p t e d  to  q u a n t i t a t e  t h e  d e g re e  o f  
r o t a t i o n  p r e s e n t  f o r  t h e s e  t h r e e  N ^ N - d i m e t h y la n i l i n e s ,  b a sed  on 
t h e  s p l i t t i n g  betw een  t h e  f i r s t  and t h i r d  I P s .  P l a n a r i t y  was 
assum ed  f o r  N ,J f l - d im e th y la n i l i n e ; t h e  d i f f e r e n c e  i n  IP s  f o r  th e
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Djij o r b i t a l  and  th e  Phg o r b i t a l  ( 2 .4 0  eV) d e f i n e d  th e  
maximum s p l i t t i n g  p o s s i b l e  f o r  a  p l a n a r ,  f u l l y - c o n j u g a t e d  s p e c i e s .  
The d i f f e r e n c e  betw een  t h e  IP  o f  t r im e th y la m ln e  ( 8 .5 4  eV) and  th e  
s e c o n d  IP  o f  t o lu e n e  (9*25 eV) was u s e d  to  d e f i n e  t h e  minimum 
s p l i t t i n g s  e x p e c t e d  f o r  n o n - c o n ju g a te d  amine and a r o m a t i c  o r b i t a l s *  
T h e se  p a r a m e te r s  l e a d  t o  t h e  e s t i m a t i o n  o f  a  5 0 -5 5 °  d i h e d r a l  a n g le  
b e tw e en  t h e  lo n e  p a i r  and th e  p h e n y l  o r b i t a l  f o r  2 - t r i m e t h y l -  
a n i l l n e  and  a  6 8 -6 9 °  d i h e d r a l  a n g le  f o r  N ^ N * 2 ,6 - t e t r a m e t h y l a n i l i n e ,  
i n  r e a s o n a b l e  a g re e m e n t  w i t h  o t h e r  e s t i m a t e s . 13-14
The s p e c t r a  o f  N - p h e n y l a z i r i d i n e  and l J - ( 2 , 6 - x y l y l ) a z i r i d i n e  
a r e  shown i n  F i g u r e  9 and  th e  I P s  a r e  t a b u l a t e d  i n  T a b le  10 , a lo n g  
w i t h  th o s e  o f  th e  o t h e r  compounds s t u d i e d  h e re  and a p p r o p r i a t e  
m o d e ls .  The sp e c t ru m  o f  ^ - ( 2 , 4 - x y l y l ) a z i r i d i n e  i s  n o t  shown, b u t  
i s  v e ry  s i m i l a r  i n  a p p e a ra n c e  to  t h o s e  i n  F i g u r e  9 .  T hree  
w e l l - r e s o l v e d  bands  a r e  o b s e rv e d  i n  t h e  7-11  eV r e g i o n  and a r e  
a s s i g n e d  to  th e  nN, PhA, and Phg o r b i t a l s ,  r e s p e c t i v e l y *
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Ionizat ion Potential
F i g u r e  9 .  P h o t o e l e c t r o n  S p e c t r a  o f  N - p h e n y l a z i r i d i n e  and 
N- ( 2 , 6 - X y l y l ) a z l r i d i n e ,
T a b le  10. I o n i z a t i o n  P o t e n t i a l s 3 (eV) o f  A z a c y c lo a lk a n e s
( C H ^ m ^ N - R
n R________________   I P j  IP ?  IP^
3 H ( 9 .8 0 b , 9 . 85c )
4 H ( 9 . 04b )
5 H ( 8 . 77c )
6 H ( 8 . 66b , 8 . 6 4 c )
3 Me ( 9 .2 6 b )
4 Me -----
5 Me ( 8 . 41b »c )
6 Me ( 8 .2 9 b »c )
3 P h e n y l  8 .1 9  9 .1 6  10 .37
4 P heny l  7 .6 1  9 .0 8  9 .9 5
5 P h e n y l  7 .2 3  8 .8 9  9 .7 6
6 P h e n y l  7 .7 2  9 .0 9  9 .7 2
4 2 - t o l y l  7 .6 7  8 .7 8  9 .8 0
5 2 - t o l y l  7 .7 3  8 .8 0  9 .5 2
6 2 - t o l y l  7 .8 4  8 .8 1  9 .2 8
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T a b le  10. ( c o n t i n u e d )
n R__________________  I P j I P ? IP^
3 2 , 4 - x y l y l  7 .8 0  8 .7 0  9 .9 3
4 2 , 4 - x y l y l  7 .4 8  8 .6 6  9 .5 6
5 2 , 4 - x y l y l  7 .6 0  8 .6 6  9 .2 1
6 2 , 4 - x y l y l  7 .7 0  8 .7 2  9 .0 2
3 2 , 6 - x y l y l  7 .8 8  8 .5 7  10 .1 7
4 2 , 6 - x y l y l  7 .7 6  8 .5 6  9 .7 5
5 2 , 6 - x y l y l  7 .6 7  8 .5 1 d 8 .51
6 2 , 6 - x y l y l  7 .7 8  8. 64d 8 .5 2
N ,N - d i m e t h y l a n i l i n e  ( 7 .3 7 e 8 .9 6  9 .8 0 )
( 7 . 4 8 f  9 .0 6  9 .8 0 )
( 7 .4 5 6  9 .0 6  9 .8 5 )
II, KI, 2 , 4 - t e t r a m e t h y l -
a n l l i n e  7 .7 9  8 .7 4  9 .1 0
N, N, 2 , 6 - t e t r a m e t h y l -
a n i l i n e  7 .8 3  8 .6 1  8 .9 3
( 7 .8 5 8  8 .6 0  8 .8 5 )
N - e t h y l a n i l i n e  7 .6 7  9 .1 0  10 .20
2 , 6 - d l e t h y l a n i l i n e  7 .7 7  8 .5 8  10 .56
Nf.Ni 2 ,  6 - t e t r a e t h y l -
a n i l i n e  7. 77 8 .5 1 d 8 .51
T a b le  10. ( c o n t i n u e d )
a )  +  0 .0 6  eV.
b )  R e f e r e n c e s  5 and  6 .
c )  R e f e re n o e  15.
d )  O nly  one band I s  o b s e r v e d ,  r e s u l t i n g  from  
Phs .
e )  R e f e r e n c e  16.
f )  R e f e r e n c e  17.
g )  R e f e r e n c e  8 .
The nj] band s h a p e  I s  n a r ro w e r  I n  t h e  a z i r i d l n e s  th a n  i n  th e  
l a r g e r  r i n g  s i r e  a m in e s ,  a s  d e s c r i b e d  l a t e r ,  and i s  i n d i c a t i v e  of 
m in o r  geom etry  c h a n g e s  upon i o n i z a t i o n .  However, th e  f i r s t  band 
i s  t h e  b r o a d e s t ,  and s i m i l a r  i n  a p p e a ra n c e  to  chose  o f  t h e  o t h e r  
am ine l o n e - p a i r  I P s .
The IP  c h a n g e s  o b s e rv e d  i n  t h e s e  a z i r i d i n e s  f o r  a l l  th e  
lo w -e n e rg y  o r b i t a l s  a s  t h e  m e th y l  g ro u p s  a r e  added  i n  d i f f e r i n g  
l o c a t i o n s  t o  t h e  p h e n y l  r i n g  a r e  r e a d i l y  e x p la i n e d  b a se d  on th e  
c o e f f i c i e n t  s i z e s  i n  t h e  benzene  o r b i t a l s .  The p a r a  c o e f f i c i e n t s  
a r e  l a r g e s t  i n  t h e  njj an d  Phg o r b i t a l s ,  w h i l e  t h e  o r t h o  
c o e f f i c i e n t s  a r e  l a r g e s t  i n  t h e  PhA o r b i t a l  f o r  th e  p l a n a r  
s p e c i e s  ( c f .  F i g u r e  8 ) .  F o r  t h e  p e r p e n d i c u l a r  s p e c i e s ,  th e  
a r o m a t i c  c o e f f i c i e n t s  a r e  z e r o  i n  t h e  njj o r b i t a l .
The n^ IP  d e c r e a s e s  from  8 .1 9  eV i n  N - p h e n y l a z i r i d i n e  to  
7 .8 0  eV f o r  N - ( 2 , 4 - x y l y l ) a z i r i d i n e .  The o r t h o - m e th y l  g roup  i s  a t  
s i t e  w i t h  a  s m a l l  c o e f f i c i e n t ,  w h i le  t h e  p a r a - m e th y l  g ro u p  i s  a t  
l a r g e  c o e f f i c i e n t  s i t e .  The n^  IP  o f  j J - ( 2 , 6 - x y l y l J a z i r i d i n e  a t  
7 .8 8  eV i s  a c t u a l l y  0 .0 8  eV h i g h e r  th a n  t h a t  o f  N - ( 2 , 4 - x y l y l ) -  
a z i r i d l n e  ( 7 .8 8  e V ) .  B o th  m ethy l  g ro u p s  a r e  now a t  s m a l l  
c o e f f i c i e n t  s i t e s .
The Ph^ o r b i t a l  e x p e r i e n c e s  a  0 .4 6  eV d e c r e a s e  i n  IP  upon 
c o n v e r s i o n  o f  N - p h e n y l a z i r i d i n e  ( IP  m 9 .1 6  eV) t o  N - ( 2 , 4 - x y l y l ) -  
a z i r l d i n e  ( IP  ■ 8*70 e V ) ,  and an a d d i t i o n a l  0 .1 3  eV d e c r e a s e  in  
l J - ( 2 , 6 - x y l y l ) a z i r i d i n e  ( I P  -  8 .5 7  e V ) .  In  th e  2 , 6 - x y l y l  
d e r i v a t i v e ,  b o th  m e th y l  g ro u p s  a r e  a t  l a r g e  c o e f f i c i e n t  s i t e s ,
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w h e re a s  t h e  p a r a - ra e th y l  g ro u p  o f  th e  2 , 4 - x y l y l  d e r i v a t i v e  i s  
l o c a t e d  a t  a  node .
The s h i f t s  In  t h e  Phg o r b i t a l  IP s  a r e  i n  t h e  same 
d i r e c t i o n  and s l i g h t l y  m a g n i f ie d  compared t o  th e  s h i f t s  i n  th e  
njg I P s ,  p r o v i d i n g  s u p p o r t  t o  t h e  a s s ig n m e n t  o f  th e  HOMO a s  
n ^  a n d  t h e  THOMO a s  Phg . A 0 .4 4  eV d e c r e a s e  i n  th e  
Phs  IP 1 b o b s e rv e d  upon c o n v e r s io n  o f  N - p h e n y l a z l r i d i n e  (1 0 .3 7  
eV) t o  N - ( 2 , 4 - x y l y l ) a z i r i d i n e  ( 9 .9 3  eV ). The IP  o f  N -( 2 , 6 - x y l y l ) -  
a z l r i d i n e  i s  a c t u a l l y  r a i s e d  0 .2 4  eV, r e l a t i v e  to  t h e  2 , 4 - x y l y l  
d e r i v a t i v e  ( 1 0 .1 7  e V ) ,  s i n c e  b o th  m e th y ls  a r e  now a t  s m a l l  
c o e f f i c i e n t  s i t e s .
The t r e n d s  i n  t h e s e  a z l r i d i n e  n^ and  Phg o r b i t a l  IP s  
do n o t  f o l l o w  t h o s e s  o b s e rv e d  f o r  t h e  s u b s t i t u t e d  N ^ N -d im e th y l-  
a n i l i n e s ,  a c y c l i c  a n a lo g s  o f  th e  a z i r i d l n e s ,  a l s o  l i s t e d  in  
T a b le  10. The o r t h o - m e th y l  g r o u p ( s )  c a u se  a  r o t a t i o n  a b o u t  t h e  
p h e n y 1 - n i t r o g e n  bond i n  t h e  a n i l i n e s .  The s m a l l e r  a z l r i d i n e  C-N-C 
bond a n g l e ,  a n d /o r  a  d i f f e r e n t  h y b r i d i z a t i o n  a b o u t  th e  n i t r o g e n  
d e c r e a s e s  t h e  s t e r l c  r e q u i r e m e n t  be tw een  th e  o r t h o  s u b s t i t u e n t s  on 
t h e  p h e n y l  r i n g  and  t h e  h y d ro g en s  a t t a c h e d  to  t h e  c a rb o n s  a  to  t h e  
n i t r o g e n ,  m aking r o t a t i o n  u n n e c e s s a r y .  The band sh a p es  rem a in  
s h a r p  and  w e l l - r e s o l v e d ,  i n  marked c o n t r a s t  to  t h e  o r t h o - m e t h y l -  
a n l l i n e s  p r e v i o u s l y  r e p o r t e d .
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The s p e c t r a  o f  ^ - p h e n y l a z e t i d i n e , J j [ - ( 2 - t o l y l ) a z e t i d i n e ,  and 
N - ( 2 , 6 - x y l y l ) a z e t i d i n e  a r e  shown i n  F i g u r e  10, and th e  IP s  a r e  
t a b u l a t e d  i n  T a b le  10, a lo n g  w i t h  t h o s e  o f  N - ( 2 , 4 - x y l y l ) a z e t i d i n e  
a n d  _N- ( 2 , 6 - d i e t h y l p h e n y l ) a z e t i d i n e .  The s p e c t ru m  o f  t h e  2 , 4 - x y l y l  
d e r i v a t i v e  I s  v e ry  s i m i l a r  to  t h a t  o f  t h e  t o l y l  d e r i v a t i v e  and th e  
s p e c t r u m  o f  th e  d l e t h y l p h e n y l  compound i s  v e ry  s i m i l a r  to  t h a t  o f  
t h e  2 , 6 - x y l y l  compound.
T h re e  bands  a r e  s t i l l  o b s e rv e d  i n  a l l  c a s e s ,  and th e  
a s s i g n m e n t s  a r e  t h e  same a s  i n  t h e  a z i r i d l n e s :  n ^ ,  Ph^» 
an d  P h g .  The r e l a t i v e  i n t e n s i t i e s  and band w id th s  a r e  
n o t i c e a b l y  a l t e r e d  i n  two c a s e s ,  j ( - ( 2 , 6 - x y l y l ) a z e t i d i n e  and th e
2 , 6 —d l e t h y l p h e n y l  a n a lo g .  The I n c r e a s e d  i n t e n s i t y  and band w id th  
o f  th e  m id d le  band , t h e  i n c r e a s e d  w id th  o f  th e  f i r s t  band , and th e  
r e d u c e d  i n t e n s i t y  o f  th e  t h i r d  band , a l l  i n d i c a t e  th e  p r e s e n c e  o f  
m u l t i p l e  c o n f o r m a t io n s  i n  t h e s e  s p e c i e s .  A c o p la n a r  c o n fo r m a t io n  
g i v e s  r i s e  to  t h r e e  w e l l - r e s o l v e d  bands  o f  n e a r l y  e q u a l  i n t e n s i t y ,  
a s  i n  t h e  N - p h e n y l a z e t i d i n e  and  th e  a z i r i d l n e s .  R o t a t e d ,  n o n - p la n a r  
c o n f o r m a t io n s  g i v e  r i s e  t o  u n e q u a l  band i n t e n s i t i e s  and o v e r -
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F ig u re  10, P h 'o to e le c t ro n  S p e c t r a  o f  N - P h e n y la z e t id in e ,  N - ( 2 - T o l y l ) a z e t i d i i i e # and 
N - ( 2 ,6 - X y l y l ) a z e t i d i n e .
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l a p p i n g  PhA and  P g  b a n d s  I n  t h e  2 , 6 - s u b s t i t u t e d - p h e n y l  
d e r i v a t i v e s *
The nN I P s  o f  c o n f o r m a t io n s  w i th  d i f f e r i n g  r o t a t i o n a l  
a n g l e s  have  d i f f e r e n t  v a l u e s  due to  d i f f e r i n g  c o n t r i b u t i o n s  from 
t h e  P h g  o r b i t a l .  S l i g h t  c h a n g e s  i n  t h e  n i t r o g e n  lo n e  p a i r  
h y b r i d i z a t i o n  a r e  a l 6 0  p o s s i b l e ,  e s p e c i a l l y  upon r o t a t i o n ,  w hich  
w ould  c a u s e  t h e  g ro u n d  s t a t e  m o le c u le  to  be b e n t  f u r t h e r .  
R e o r g a n i z a t i o n  upon i o n i z a t i o n  would c o n t r i b u t e  to w ard  a  b r o a d e r  
njj band .
I n t r o d u c t i o n  o f  an  o r t h o - m e th y l  group to  N - p h e n y l a z e t i d i n e  to  
fo rm  N - ( 2 - t o l y l ) a z e t l d i n e  r a i s e s  t h e  nN I p  by 0 .0 6  eV, an 
e f f e c t  o p p o s i t e  t o  t h a t  a n t i c i p a t e d  based  on t h e  a z l r i d i n e  
r e s u l t s .  T h is  a p p a r e n t  anom aly I s  t h e  r e s u l t  o f  a  s m a l l  
h y p e r c o n j u g a t i v e  lo w e r in g  o f  t h e  IP  by t h e  m e th y l  g ro u p  a t t a c h e d  
t o  t h e  p h e n y l  r i n g ,  c o u n t e r a c t e d  by r o t a t i o n  t o  m in im iz e  t h e  
s t e r l c  I n t e r a c t i o n  be tw een  t h e  a z e t i d l n e  r i n g  and th e  h y d ro g en s  o f  
t h e  m e th y l  g ro u p .  A d d i t i o n  o f  t h e  second  m e th y l  g ro u p  to  g iv e  
N - ( 2 , 4 - x y l y l ) a z e t i d i n e  does  n o t  a f f e c t  t h e  r o t a t i o n ,  b u t  does  
lo w e r  t h e  njj I P ,  s i n c e  t h e  p a r a  p o s i t i o n  i s  a  l a r g e  
c o e f f i c i e n t  s i t e .
When two o r th o  m e th y l  g ro u p s  a r e  i n t r o d u c e d  t o  f o r m N - ( 2 , 6 -  
z y l y l ) a z e t l d l n e ,  th e  n^ o r b i t a l  has a  h i g h e r  IP  t h a n  th e  
N - p h e n y l - ,  K - ( 2 - t o l y l ) - ,  o r  l J - ( 2 , 4 - x y l y l ) a z e t l d l n e  d e r i v a t i v e s .  
T h i s  m ust r e s u l t  from  an even  g r e a t e r  d e g re e  o f  r o t a t i o n  a b o u t  th e  
p h e n y l - n l t r o g e n  bond, s i n c e  o r t h o - m e th y l s  would o t h e r w i s e  d e c r e a s e
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t h e  njj I P ,  r e l a t i v e  to  N - p h e n y la z e t id ln e .  The nN IP  o f
6 - d i e t h y l p h e n y l ) a z e t l d l n e  was d e te rm in e d  to  be o n ly  0 .0 6  eV 
lo w e r  th a n  th e  c o r r e s p o n d in g  m eth y l d e r i v a t i v e .  W ith in  e x p e r im e n ta l  
e r r o r ,  t h e s e  v a lu e s  ca n  be c o n s id e r e d  e q u a l .  The te n d e n c y  tow ard  
a  lo w e r IP  i n  th e  2 , 6 - d ie t h y lp h e n y l  d e r i v a t i v e  i s  due to  th e  
s l i g h t l y  g r e a t e r  e l e c t r o n  d o n a tio n  by e th y l  th a n  by m e th y l g ro u p s . 
B o th  o f  t h e s e  compounds a r e  s i g n i f i c a n t l y  n o n - p la n a r .
The m a g n itu d e s  o f  th e  Ph^  IP  d e c e a s e s  a re  v e ry  n e a r l y  th e  
sam e a s  th o s e  o b se rv e d  f o r  th e  c o r r e s p o n d in g  a z i r i d l n e s .  Upon 
c o n v e r s io n  o f  N - p h e n y la z e t id ln e  ( IP  ■ 9 .0 8  eV) to  N - (2 , 4 - x y l y l ) -  
a z e t i d i n e  ( IP  * 8 . 6 6  e V ) , a  d e c re a s e  o f  0 .4 2  eV I s  o b s e rv e d . 
C o n v e rs io n  to  N - ( 2 , 6 - x y l y l ) a z e t i d i n e  ( IP  ■ 8 .5 6  eV) r e s u l t s  in  an 
a d d i t i o n a l  0 .1 0  eV d e c r e a s e .
The t r e n d s  I n  th e  Phg IP s  a r e  a l s o  th e  same a s  th o s e  o f  
t h e  c o r r e s p o n d in g  a z i r i d l n e s ,  and th e  m a g n itu d e s  o f  th e  
s u b s t i t u e n t  e f f e c t s  a r e  v e ry  s i m i l a r .  An o r th o  m e th y l g roup  c a u se s  
a  0 .1 5  eV d e c r e a s e ;  a d d i t i o n  o f  a  p a ra  m e th y l g roup  to  form  th e
2 , 4 - x y ly l  d e r i v a t i v e  d e c r e a s e s  th e  IP  a n  a d d i t i o n a l  0 .2 4  eV; 
m oving th e  p a ra  m e th y l g ro u p  to  th e  o r th o  * p o s i t i o n  to  g iv e  th e
2 , 6 - x y l y l  d e r i v a t i v e  r a i s e s  th e  IP  by 0 .1 9  eV. R o ta t io n  o f  th e  
a r y l  g ro u p  I s  e x p e c te d  to  d e c re a s e  th e  IP  o f  th e  Phg o r b i t a l ,  
b u t  no l a r g e  e f f e c t  1b s e e n . The l o s s  o f  c o n ju g a t io n  i s  somewhat 
c o u n te r a c t e d  by th e  ch ange  in  th e  s i z e  o f  th e  o r b i t a l  c o e f f i c i e n t .  
T h a t i s ,  r o t a t i o n  c a u s e s  th e  TH0M0 (P h g ) to  become more
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h e a v i ly  l o c a l i z e d  on th e  p h e n y l r i n g ,  and th u s  to  be In f lu e n c e d  
m ore by m eth y l s u b s t i t u t i o n  th a n  th e  HOMO ( l o n e - p a i r ) .
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The s p e c t r a  o f  f l - p h e n y lp y r r o l id in e ,  N - ( 2 - t o l y l ) p y r r o l i d i n e , 
a n d  N - ( 2 , 6 - x y l y l ) p y r r o l i d i n e  a r e  shown in  F ig u re  11, and th e  IP s  
a r e  t a b u l a t e d  i n  T a b le  10. The sp e c tru m  o f  J J - ( 2 ,4 - x y l y l ) -  
p y r r o l i d i n e  i s  s i m i l a r  to  t h a t  o f  th e  2 - t o l y l  d e r i v a t i v e ;  th e  
sp e c tru m  o f  N -(2 , 6 - d i e t h y l p h e n y l ) p y r r o l i d i n e  i s  s im i l a r  to  t h a t  o f  
th e  2 , 6- x y l y l  d e r i v a t i v e .  The sp e c tru m  o f  N - p h e n y lp y r r o l id in e  i s  
v e ry  s i m i l a r  to  t h a t  o f  th e  a z i r i d i n e s  and N - p h e n y la z e t id in e ,  as 
d e s c r ib e d  e a r l i e r ,  and th e  t h r e e  lo w -e n e rg y  IP s  a r e  a s s ig n e d  a s  
b e f o r e  to  th e  n ^ , PhA, and Phg o r b i t a l s .  The s p e c t r a  
o f  N - ( 2 - t o l y l ) p y r r o l i d i n e  and N - ( 2 ,4 - x y l y l ) p y r r o l i d i n e  a r e  s im i l a r  
t o  t h a t  o f  l J - ( 2 , 6 - x y l y l ) a z e t l d i n e ,  i n d i c a t i n g  n o n - p l a n a r i t y  and 
m u l t i p l e  c o n fo rm a tio n s  o f  s im i l a r  e n e rg y . The band i s  
n o t i c e a b l y  b ro a d e n e d , and th e  i n t e n s i t y  o f  th e  c e n te r  band  i s  
i n c r e a s e d  due to  r o t a t i o n  a b o u t th e  p h e n y l- n i t r o g e n  bond.
Photoelec tron  I n te n s i ty
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F ig u re  11 . P h o to e le c tr o n  S p e c tra  o f  N -P h e n y lp y r r o l id in e ,  N - ( 2 - T o ly l ) p y r r o l id in e ,  and 
N- ( 2 , 6 - X y l y l ) p y r r o l id i n e .
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A 0 .5 0  eV d e c re a s e  In  th e  IP  i s  o b s e rv e d  upon 
c o n v e r s io n  o f  N - p h e n y lp y r r o l id in e  ( IP  -  7 .2 3  eV ) to  N - ( 2 - t o l y l ) -  
p y r r o l l d l n e  ( IP  "  7 .7 3  e V ), fo llo w e d  by an  a d d i t i o n a l  0 .1 3  eV 
d e c r e a s e  when a  s e c o n d , p a ra  m e th y l g roup  I s  a d d e d , s l i g h t l y  l e s s  
th a n  t h a t  o b s e rv e d  In  th e  c o r r e s p o n d in g  a z e t l d i n e .
R e l a t i v e  to  N - p h e n y lp y r r o l id in e ,  th e  PhA IP  d e c r e a s e s  0 .0 9  eV 
f o r  th e  2 - t o l y l  d e r i v a t i v e  and an  a d d i t i o n a l  0 .1 4  eV f o r  th e
2 , 4 - x y ly l  d e r i v a t i v e .  The Phg d e c r e a s e s  a r e  0 .1 6  eV and  0 .3 1  eV 
r e s p e c t i v e l y  f o r  th e s e  two d e r i v a t i v e s .
I n  N -(2 , 6 - x y l y l ) -  and  N - ( 2 , 6 - d i e t h y l p h e n y l ) p y r r o l i d i n e ,  o n ly  
two b a n d s  a r e  r e s o l v e d ,  i n d i c a t i v e  o f  a  g r e a t e r  d e g re e  o f  r o t a t i o n  
a b o u t  th e  p h e n y l- n i t r o g e n  bond. The njj IP  i n c r e a s e s  0 .0 7  eV, 
com pared  to  th e  2 , 4 - x y ly l  compound, and d e c re a s e s  0 .0 7  eV due to  
th e  e n h an ced  e f f e c t  o f  e t h y l  com pared to  m e th y l. PhA and  Phg 
hav e  m erged i n  b o th  com pounds. The e x p e c te d  in c r e a s e  in  th e  Phg 
IP  a s  th e  m eth y l g roup  I s  moved to  th e  o r t h o ' p o s i t i o n  i s  s t r o n g ly  
c o u n te r a c t e d  by th e  l o s s  o f  c o n ju g a t io n  betw een th e  lo n e  p a i r  and 
th e  a ro m a tic  o r b i t a l s .  The d e g re e  o f r o t a t i o n  I s  c o n s id e r a b ly  
g r e a t e r  th a n  t h a t  o b se rv e d  f o r  N - ( 2 , 6 - x y l y l ) a z e t i d i n e .
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The s p e c t r a  o f  N - p h e n y lp ip e r id in e ,  I J - ( 2 - t o l y l ) p i p e r i d i n e , and 
N - ( 2 , 6 - x y l y l ) p i p e r i d i n e  a r e  shown in  F ig u re  12. The IP s  a re  
t a b u l a t e d  in  T a b le  10 , a lo n g  w ith  th o s e  o f  N ~ ( 2 ,4 - x y ly l ) p ip e r id in e  
w hose sp e c tru m  i s  s i m i l a r  to  t h a t  o f  th e  2 - t o l y l  d e r i v a t i v e .  The 
sp e c tru m  o f  N - p h e n y l p i p e r i d i n e  has th r e e  lo w -e n e rg y  IP s a s s ig n e d  
w i th  th e  same o r d e r  a s  b e f o r e .  The nN band i s  b ro ad e n e d  
r e l a t i v e  to  th o s e  o f  th e  p l a n a r  N -p h en y l am ines d e s c r ib e d  
p r e v i o u s ly .  The seco n d  and t h i r d  b an d s  o v e r la p  s l i g h t l y  and a r e  
d e c id e d ly  l e s s  s h a rp  th a n  th o s e  p r e v io u s .  T h u s , even 
I t f -p h e n y lp ip e r id in e  a p p e a r s  to  be n o n - p la n a r .
A c o m p a riso n  o f  th e  n^  IP s  o f  a l l  th e s e  p i p e r i d in e s  shows 
t h a t  th e  lo n e  p a i r  IP  i s  r e l a t i v e l y  i n s e n s i t i v e  to  th e  p re s e n c e  o f 
m e th y l s u b s t i t u e n t s  on th e  p h e n y l r i n g .  U sing  th e  d a ta  and t r e n d s  
p r e v io u s ly  p r e s e n te d ,  t h i s  b e h a v io r  a p p e a r s  c o n s i s t e n t  o n ly  I f  a  
r o t a t i o n  from  p l a n a r i t y  i s  p o s tu l a t e d  i n  a l l  c a s e s ,  in c lu d in g  
I J - p h e n y lp ip e r ld in e .  An o r th o - m e th y l s u b s t i t u e n t  c a u s e s  f u r t h e r  
p h e n y l - n i t r o g e n  bond r o t a t i o n ,  r e d u c in g  th e  I n t e r a c t i o n  betw een
Ionization 
Potential
Pho toe lec t ron  In te n s i ty
F ig u re  12 . P h o to e le c tro n  S p e c tra  o f  N -P h e n y lp ip e r id in e ,  N - ( 2 - T o ly l ) p lp e r id in e ,  and 
N - ( 2 ,6 - X y ly l ) p ip e r id in e .
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njj an d  Phg, and th e  IP  I n c r e a s e s  by 0 .1 2  eV. A p a r a - m e th y l 
lo w e rs  th e  IP  0 .1 4  eV th ro u g h  h y p e rc o n ju g a t io n  w i th o u t  c a u s in g  
f u r t h e r  r o t a t i o n .  M oving th e  second  m eth y l s u b s t i t u e n t  to  th e  
o r t h o 1 p o s i t i o n  f o r c e s  th e  am ine r i n g  to  r o t a t e  f u r t h e r ,  and th e  
IP  a g a in  i n c r e a s e s  a s  a  r e s u l t  o f  th e  d im in is h e d  I n t e r a c t i o n .  The 
c o n t i n u a l  d e c re a s e  and  m erg ing  o f  th e  Ph^  an d  Phs  o r b i t a l s  
upon m e th y la t io n  a l s o  I n d i c a t e  a  d e c r e a s in g  I n t e r a c t i o n  betw een  P h g  
an d  th e  n i t r o g e n  l o n e - p a i r .
As an  a i d  to  th e s e  I n t e r p r e t a t i o n s  o f  c o n fo rm a t io n , ab  i n i t i o  
ST0-3G c a l c u l a t i o n s  w ere c a r r i e d  o u t  on _ N ,N -d im e th y la n ilin e  u s in g  
s ta n d a r d  bond l e n g t h s  and bond a n g le s .  The d i h e d r a l  a n g le  betw een  
th e  n i t r o g e n  l o n e - p a i r  and th e  p h e n y l r  o r b i t a l s  was v a r ie d  from  0 ° 
( c o p l a n a r )  t o  90° ( p e r p e n d ic u l a r )  i n  10° In c r e m e n ts .  The o r b i t a l  
o r d e r ,  a c c o r d in g  to  c a l c u l a t i o n s ,  16 P h g ,  P h ^ ,  and n jj, 
a n d  th e  e f f e c t s  o f  r o t a t i o n  on th e  v a r io u s  o r b i t a l s  a r e  shown in  
F ig u r e  13. The o r d e r in g  o f  th e  P h g  an d  njq o r b i t a l s  i s  
b e l i e v e d  to  be r e v e r s e d  from  th e  o rd e r  o b se rv e d  in  th e  s p e c t r a ,  
b a se d  on th e  IP s  o f  t r im e th y la m in e  (8 .5 4  eV) and benzene  (9 .2 5  eV ), 
w h ic h  i n d i c a t e  t h a t  th e  n i t r o g e n  l o n e - p a i r  o f  a t e r t i a r y  am ine 
s h o u ld  be low er th a n  th e  p h e n y l it o r b i t a l s .  The t r e n d s  o b se rv e d  
f o r  th e  o r b i t a l  e n e r g ie s  a s  th e  d lm e th y la m in o  g roup  i s  r o t a t e d  
re m a in  r e l e v a n t .  The HOMO e n e rg y  i s  h ig h e s t  fo r  th e  p la n a r  
c o n fo rm a t io n  and  d e c re a s e s  in  e n e rg y  a s  r o t a t i o n  o c c u r s ,  w ith  a 
minimum a t  th e  p e r p e n d ic u la r  c o n fo rm a tio n  ( F ig u re  1 3 ) .  The
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ROTATION CDEGREES!)
HOMO 
SHOMO 
THOMO
N i r -
F ig u r e  1 3 . STO-3G O r b i t a l  E n e r g ie s  a s  a  F u n c t io n  o f  
R o t a t i o n a l  A n g le .
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SHOMO e n e rg y  c h a n g es  o n ly  s l i g h t l y  a s  th e  d i h e d r a l  a n g le  c h a n g e s , 
s i n c e  th e  n i t r o g e n  I s  a t t a c h e d  to  a  n o d a l s i t e  I n  Ph^* The t h i r d  
h i g h e s t  o c c u p ie d  m o le c u la r  o r b i t a l  (THOMO) e n e rg y  I s  a t  a  maximum 
f o r  th e  p l a n a r  c o n fo rm a tio n  and d e c re a s e s  upon r o t a t i o n *  Even 
th o u g h  th e  c a l c u l a t e d  o r d e r  I s  i n c o r r e c t ,  th e  same t r e n d s  In  th e  
IP s  s h o u ld  r e s u l t .  Phg an d  njj m ix in g  and s e p a r a t i o n  I s  
m ax im ized  I n  th e  p la n a r  c o n fo rm a tio n  and m in im al In  th e  
m in im a l I n  th e  p e r p e n d ic u la r  c o n fo rm a tio n . T h is  i s  r e a d i l y  
a p p a re n t  in  th e  c a l c u l a t e d  m o le c u la r  o r b i t a l  c o e f f i c i e n t s  shown 
i n  F ig u re  14 f o r  c o p la n a r  ( c o n ju g a t in g )  and p e r p e n d ic u la r  
( n o n c o n ju g a t in g )  N ,N - d im e th y la n i l in e .
DETERMINATION OF CONFORMATIONS
The band sh a p e s  and i o n i z a t i o n  p o t e n t i a l s  o b s e rv e d  i n  th e  
p h o to e l e c t r o n  s p e c t r a  l e a d  to  th e  q u a l i t a t i v e  c o n c lu s io n s  
sum m arized  i n  T a b le  11 by th e  I n d i c a t i o n s  " c o p la n a r"  o r 
" n o n - c o p la n a r " .  The d a sh ed  l i n e  s e p a r a te s  th e  c o p la n a r  and 
n o n - c o p la n a r  s p e c i e s .  I n  o r d e r  to  p ro v id e  a  more q u a n t i t a t i v e  
e s t i m a t e  o f  th e  d e g re e  o f  n o n - p la n a r i ty  in  th e s e  com pounds, we 
hav e  u se d  a  te c h n iq u e  s i m i l a r  to  t h a t  o f  M aie r and T u rn e r .®  The 
maximum s p l i t s  be tw een  njj an d  Phg w ere ta k e n  from  th e  s p e c t r a  
o f  N - p h e n y la z e t id in e  and  N - p h e n y lp y r r o l id in e ,  and in c lu d in g  an 
e x t r a p o l a t i o n  f o r  N - p h e n y lp ip e r id in e ,  to  be 2 .3 4 ,  2 .5 3 ,  and 2 .6 4  eV, 
r e s p e c t i v e l y .  The minimum s p l i t s ,  e x p e c te d  f o r  th e  p e r p e n d ic u la r
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Figure 14, ST0-3G Orbital Coefficients of N,N~Dimethylaniline in Perpendicular and Coplanar 
Conformations.
Table 11. C onform ations o f N -A ry lazacyc loa lk an es.
(CH^ n - i  -  Ar
___________________Ring S iz e
S u b s t i tu e n t 3 4 5 6
P henyl c o p la n a r
( 0 °)
c o p la n a r
( 0 °)
c o p la n a r
( 0 8)
n o n -c o p la n a r
(4 8 °)
2 - t o l y l b c o p la n a r
(2 3 ° )
n o n -c o p la n a r
(5 2 ° )
n o n -c o p la n a r
( 6 8 °)
2 , 4 -x y ly l o o p la n a r
( 0 °)
c o p la n a r
(2 8 ° )
n o n -c o p la n a r
(5 8 ° )
n o n -c o p la n a r
(7 2 °)
2 , 6 - x y ly l
i
c o p la n a r  i
(o ° )  ;
n o n -c o p la n a r
(3 3 °)
n o n -c o p la n a r
(8 1 °)
n o n -c o p la n a r
(8 5 °)
a )  "C o p lan ar"  or " n o n -c o p la n a r"  w ere d e te rm in ed  from band shapes  and s u b s t i tu e n t  
e f f e c t s .  D egrees g iv en  in  p a re n th e s e s  were d e te rm in e d , based  on the  d i f f e r e n c e  
in  IP  betw een IP(nj,j) and IP (P h s ) ,  as  d is c u s s e d  in  th e  t e x t .  See a ls o  
r e f e r e n c e  8 .
b) T h is  compound was n o t a v a i l a b l e ,  b u t  i t  i s  presum ed to  be co p lan ar*
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c o n fo r m a t io n s ,  w ere ta k e n  a s  th e  d i f f e r e n c e  betw een  th e  l o n e - p a i r  
IP  o f  N - m e th y la z e t id in e ,  ^ ““ e t h y l p y r r o l i d i n e ,  and N -m e th y l-  
p l p e r l d l n e ,  and th e  se co n d  IP  o f  to lu e n e  (9 .2 5  e V ). T h is  r e s u l t e d  
i n  p o in t s  p a r a l l e l  to  th o s e  o b s e rv e d  by M aier and T u rn e r  f o r  th e  
I I ,N - d im e th y la n i l in e s .  A ssum ing a  cosB r e l a t i o n s h i p  betw een  th e  
c h a n g e  i n  IP  a n d  th e  a n g le ,  6 , b e tw een  th e  l o n e - p a i r  and th e  
a r o m a t ic  it o r b i t a l s ,  th e  n u m e r ic a l  v a lu e s  g iv e n  i n  T a b le  11 w ere  
fo u n d . A lth o u g h  th e y  a r e  o n ly  a p p ro x im a te , th e s e  a n g le s  do g iv e  a  
q u a n t i t a t i v e  Id e a  o f  th e  p r e f e r r e d  a n g le  o f  r o t a t i o n  f o r  th e  
n o n - p la n a r  s p e c i e s .  N - ( 2 - T o l y l ) -  a n d  N - ( 2 ,4 - x y l y l ) a z e t l d i n e  a r e  th e  
o n ly  two compounds f o r  w h ich  th e  c o n fo rm a t io n , a s  deduced  from  th e  
s p e c t r a l  l i n e  s h a p e , d i f f e r s  from  th e  c o n fo rm a tio n  d e te rm in e d  by 
th e  d i f f e r e n c e  betw een  th e  n^ a n d  Phg I P s .  W ith  r e f e r e n c e  
t o  F ig u r e  13 , th e  minimum d e g re e  o f  r o t a t i o n  from  p l a n a r i t y  
r e q u i r e d  to  c a u se  s i g n i f i c a n t  c h a n g e s  in  th e  IP s  a p p e a rs  to  be c a . 
3 0 ° ;  t h u s ,  th e  a n g le  p r e d i c te d  from  th e  l i n e  s h a p e s  o f  J N - ( 2 - t o ly l ) -  
an d  ] J - ( 2 ,4 - x y l y l ) a z e t i d i n e  (2 3 °  an d  2 8 ° )  I s  In  a  r e g io n  w here m inor 
a n g le  c h a n g es  may have a  m ajo r im p a c t on th e  s p e c t r a l  l i n e  sh a p e .
PROTON AFFINITIES
F i n a l l y ,  we can  u se  th e  njj IP s  d e te rm in e d  h e re  to  e s t im a te  
t h e  g a s -p h a s e  p ro to n  a f f i n i t i e s  o f  th e s e  com pounds. For th e  p a re n t  
a z a c y c lo a lk a n e s  and N -m eth y l d e r i v a t i v e s  in c lu d e d  i n  T a b le  10, 
t h e r e  i s  a  r e a s o n a b le  ( r * 0 . 996) l i n e a r  c o r r e l a t i o n  betw een  p ro to n
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a f f i n i t y  and IP :  P A (k c a l/m o le )  »  296 .1  -  8 . 1 3 lP (e V ). H ow ever, the  
p r e d i c t e d  PA f o r  N ^ jJ -d im e th y la n i l in e  (2 5 5 .5  k c a l /m o le )  i s  1 1 .7  
k c a l /m o le  to o  h ig h . In  c l a s s i c a l  te rm s , t h i s  m ust be due to  th e  
r e s o n a n c e  s t a b i l i z a t i o n  o f  a n i l i n e  w h ich  i s  i n t e r r u p t e d  upon 
p r o to n a t io n .  In  m o le c u la r  o r b i t a l  te rm s , th e  HOMO i s  no lo n g e r  a 
l o c a l i z e d  o r b i t a l  in  a n i l i n e  a s  i t  i s  in  a lk y la m in e s ;  t h u s ,  th e  PA i s  
n o t  a s  h ig h  f o r  a n i l i n e  a s  i t  i s  f o r  a  s a t u r a t e d  am ine w ith  an 
i d e n t i c a l  IP . T h e re  i s  a l s o  some I n d ic a t i o n  t h a t  a n i l i n e s  a re
g
p r o to n a te d  on th e  a ro m a tic  r i n g ,  n o t  on th e  n i t r o g e n .
F o r  p e r p e n d ic u la r  N - a r y la z a c y c lo a lk a n e s ,  we can  u se  th e  
c o r r e l a t i o n  g iv e n  above to  e s t im a te  th e  p ro to n  a f f i n i t i e s ,  w h ile  
t h e  p l a n a r  s p e c ie s  a r e  e x p e c te d  to  have PAs 1 1 .7  k c a l /m o le  lo w e r .
In  o r d e r  to  p ro v id e  a  s in g l e  e s t im a te  o f  PA a s  a  f u n c t io n  o f  b o th  
IP  an d  r o t a t i o n a l  a n g le ,  we have  d e f in e d  th e  f o l lo w in g  e q u a t io n :
PA ( e s t . ) ■ 2 9 6 .1  -  8 .1 3  IP j  ”  11. 7cos0
w here 1 P | I s  th e  f i r s t  IP  o f  th e  N - a r y la z a c y c lo a lk a n e ,  and 6  
i s  th e  a n g le  o f  r o t a t i o n  (9 ■ 0° f o r  a  p la n a r  s p e c i e s ) .  U sing th e  
v a lu e s  o f  9 1 1 b ted  in  T a b le  11, th e  PAs l i s t e d  in  T a b le  12 a r e  
o b ta in e d .
T hese  p r e d i c te d  PAs q u a l i t a t i v e l y  fo llo w  th e  o r d e r  o f  
m e a su red  pKfls (+  1 pKa u n i t )  w i th  t h r e e  n o ta b le  e x c e p t io n s ,  
N - p h e n y lp y r r o l id in e ,  N - ( 2 ,4 - x y l y l ) a z e t i d i n e ,  and l* - ( 2 , 6 - x y l y l ) -
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T a b le  12. E x p e r im e n ta l  and C a lc u la te d  P ro to n  A c c e p tin g  
P r o p e r t i e s  o f  A z a o y c lo a lk a n e s . 3
(CH2)n -1 N - R
II R PK„ PA ( e x p ) c PA (ca lc )* *
3 H 8 . OA 2 2 1 2 1 5 .7
A H 1 1 .2 9 259 222. 7
5 H 1 1 .2 7 262 22A.3
6 H 1 1 . 2 2 259 225. A
3 Me 7 .8 6 269 2 2 1 .5
A Me 10. AO 293
5 Me 10 .46 292 2 2 7 .8
6 Me 10 .08 287 2 2 8 .8
3 P h en y l 1 - 2 198 218
A P heny l 3 .6 2 17A 2 2 2
5 P heny l 3 .5 7 172 226
6 P heny l 5. 22 180 226
A 2 - t o l y l 3. 97 181 223
5 2 - t o l y l 5 .0 1 187 226
6 2 - t o l y l A. 6 8 18A 228
T ab le 12. (c o n tin u e d )
n R pKa Avb PA ( e x p ) c PA ( c a l c ) ^
3 2 , 4 - x y ly l 2 . 205 2 2 1
4 2 , 4 - x y ly l 4 .3 1 188 225
5 2 , 4 - x y ly l 3 .2 8 196 228
6  2 , 4 - x y ly l 5 .0 2 186 230
3 2 , 6 - x y l y l 3 .4 8 208 2 2 0
4 2 , 6 - x y l y l 4 . 64 196 223
5 2 , 6 - x y l y l 4 .8 1 188 232
6  2 , 6 - x y l y l 3 .4 4 187 232
Ammonia 9 . 21e 2 0 5 .0
H e th y la m in e 1 0 . 62e 21 4 .1
A n i l in e 4. 6 e 2 1 1 .5
D lm ethy lam ine 10. 64e 2 2 0 .5
T r im e th y la m in e 9 . 76e 2 2 4 .3
N ,N -d im e th y l-
a n i l i n e 4 .2 6 165 2 2 3 .8
a )  R e fe re n c e  1 ,
bbbbbbb;
u n le s s o th e r w is e  n o te d .
b )  cm”  ^ +  2  cm” 1 •
c )  R e fe re n c e  18, k c a l/m o le *
d )  e s t im a te d  from  th e  e q u a t io n  PA ■ 296 .1  -  8 . 1 3 (IP )  -  11 .7cos8
e )  R e fe re n c e  19.
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p i p e r i d i n e ,  a l l  o f  w h ich  have pKfls ^2  pKa u n i t s  to o  low . The 
re m a in in g  com pounds seem to  have maximum pKfls o f  a b o u t 5 .5 ,  even 
when th e  e s t im a te d  PAs a re  q u i t e  h ig h ,  w hich can  be a t t r i b u t e d  to  
s t e r l c  h in d ra n c e  to  s o lv a t io n  o f  th e  ammonium c a t i o n s .  Of th e  
t h r e e  compounds n o te d  above w ith  e s p e c i a l l y  low pKfls ,  o n ly  th e  
l a s t  would seem to  p ro v id e  e s p e c i a l l y  h ig h  s t e r i c  h in d ra n c e  to  
s o l v a t i o n .
CONCLUSION
The p es  s t u d i e s  have  shown t h a t  th e  c o n fo rm a tio n s  o f  th e  
N - a r y la z a c y c lo a lk a n e s  may be q u i t e  d i f f e r e n t  fo r  d i f f e r e n t  am ine 
r i n g  s i z e s .  F u r th e rm o re ,  th e  c o n fo rm a tio n s  o f  th e  a r y l  g roup  w ith  
r e s p e c t  to  th e  am ine l o n e - p a i r  i n f lu e n c e  n o t o n ly  th e  IP , b u t a l s o  
g a s  p h ase  p r o to n  a f f i n i t i e s ,  and s o lu t i o n  pKa s b e c a u se  o f  s t e r l c  
h in d ra n c e  to  s o lv a t io n  o f  ammonium c a t i o n s .
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CHAPTER IV. PHENCYCLIDINES
INTRODUCTION
P h e n c y c l id in e  [ N - ( l - p h e n y lc y c lo h e x y l ) p I p e r I d in e ,  PCP, o r  
a n g e l  d u s t ]  and  c lo s e  a n a lo g s  have  become m ajo r d ru g s  o f  a b u s e . 
O r i g i n a l l y  In tr o d u c e d  a s  a  g e n e r a l  a n e s t h e t i c ,  p h e n c y c l id in e  has 
been  found  to  be a  p o te n t  p sy c h o to m im e tic , w hich  e x a c e r b a te s  
p s y c h o p a t h o l o g ie s .* P h e n c y c l id in e  and i t s  a n a lo g s  a r e  w eak ly  bound 
by r a t  b r a i n  m u s c a r in ic  and o p i a t e  r e c e p t o r s . ^  T h e re  have a l s o  
been  r e p o r tB  o f  th e  e x i s t e n c e  o f  a  r a t  b r a in  membrane r e c e p to r  
w h ic h  i s  s p e c i f i c  f o r  p h e n c y c l id in e  and i t s  a n a lo g s ,  b u t  do es  n o t 
show s i g n i f i c a n t  b in d in g  to  o t h e r  common b io g e n ic  a m in e s , su ch  as  
n e u r o t r a n s m i t t e r s ,  n e u r o t r a n s m i t t e r  a g o n i s t s  and a n t a g o n i s t s ,  
am ino a c i d s ,  p e p t i d e s ,  o r  b e n z o d ia z e p in e s .^  H ow ever, M aayani and 
W e in s te in  have  shown t h a t  th e  r a p i d  f i l t r a t i o n  te c h n iq u e  u sed  to  
s u b s t a n t i a t e  th e  s p e c i f i c  r e c e p to r  h y p o th e s is  p ro d u c e s  a r t i f a c t s ;^1 
t h e r e  i s  no r e m a in in g  e x p e r im e n ta l  e v id e n c e  to  p ro v e  t h a t  a 
s p e c i f i c  r e c e p to r  e x i s t s  f o r  p h e n c y c l id in e .
T h ro u g h  quantum  m e c h a n ic a l s t u d i e s ,  W e in s te in  e t  a l .  h av e  
shown e l e c t r o n i c  s i m i l a r i t i e s  be tw een  p h e n c y c l id in e  and 
a c e t y l c h o l i n e  w h ich  a r e  s u g g e s te d  to  le a d  to  a n t i c h o l i n e r g i c  
p r o p e r t i e s  o f  th e  p h e n c y c l id in e s  ( F ig u re  15).-* In  p a r t i c u l a r ,  
th e  tr im e th y la m m o n io  g roup  o f  a c e t y l c h o l in e  and th e  p r o to n a te d  
n i t r o g e n  o f  p h e n c y c l id in e  p ro v id e  s im i l a r  r e g io n s  o f  p o s i t i v e  
c h a rg e  w h ich  can  c o o r d in a te  w i th  a  n e g a t iv e ly  c h a rg e d , o r  e l e c t r o n  
r i c h ,  s i t e  o f  th e  m u s c a r in ic  r e c e p t o r ;  th e  e s t e r  oxygen o f  th e
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F ig u re  1 5 . The S i m i l a r i t i e s  B etw een A c e ty lc h o l in e  and  PCP.
The P r o to n a te d  N i t ro g e n  o f  t h e  P ip e r id in iu m  
M o ie ty  M im ics th e  T rim ethy l-am m onium  M o ie ty  o f  
A c e ty lc h o l in e ,  w h i le  t h e  P h e n y l n -C lo u d  R esem b les 
t h e  E l e c t r o n - r i c h  R eg io n  A bout t h e  A ce to x y  Oxygen.
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a c e to x y  g roup  in  a c e t y l c h o l i n e ,  and th e  a ro m a tic  r i n g  o f  
p h e n c y c l id in e  and i t s  d e r i v a t i v e s  p ro v id e  s im i l a r  r e g io n s  o f  
a t t r a c t i o n  f o r  e l e c t r o n  d e f i c i e n t  s i t e s  in  th e  r e c e p t o r .  B ecause  
o f  th e  s i m i l a r  d i s p o s i t i o n s  o f  th e  p o s i t i v e  and n e g a t iv e  r e g io n s  
i n  s p a c e  f o r  b o th  a c e t y l c h o l in e  and  p h e n c y c l id in e ,  th e s e  m o le c u le s  
h av e  a  common m u s c a r in ic  r e c e p to r  i n t e r a c t i o n  p h a rm a co p h o re , and 
b o th  ty p e s  o f  m o le c u le s  may b in d  to  th e  m u s c a r in ic  r e c e p t o r . ^
A n a lo g s  o f  p h e n c y c l id in e  w ith  e l e c t r o n  r i c h  m o ie t i e s ,  su ch  as  
th e  t h i e n y l  o r  e th y n y l  g r o u p s ,  e x h i b i t  i n t e r a c t i o n  p h a rm a c o p h o re s , 
d e te rm in e d  by quantum  m e c h a n ic a l  c a l c u l a t i o n s ,  and p h a rm a c o lo g ic a l  
p r o p e r t i e s  s i m i l a r  to  th o s e  o f  th e  p a r e n t  p h e n c y c l id in e .  I f  a 
s t e r i c a l l y  s i m i l a r ,  b u t  e l e c t r o n  d e f i c i e n t  g ro u p , su c h  a s  a  
n l t r l l e ,  i s  s u b s t i t u t e d  f o r  th e  p h e n y l m o ie ty , a c t i v i t y  d e c r e a s e s ,  
w h ich  i s  a t t r i b u t e d  to  th e  g r o s s l y  a l t e r e d  r e g io n s  o f  a t t r a c t i o n  
f o r  e l e c t r o p h l l l c  m o ie t i e s  by th e  n i t r i l e .  A d d i t io n  o f  an e l e c t r o n  
d o n a t in g  am ino g ro u p  to  th e  p h e n y l r i n g  o f  p h e n c y c l id in e  e n h a n ce s  
b in d in g  and b e h a v io r a l  p o te n c y  ( i n  r a t s ) ,  w h ile  th e  a d d i t i o n  o f  an 
e l e c t r o n  w ith d ra w in g  n i t r o  g roup  d im in is h e s  JLn v i t r o  and  _in v iv o  
a c t i v i t i e s .  ^
To a c q u i r e  e x p e r im e n ta l  in fo r m a t io n  a b o u t th e  e l e c t r o n i c  
s t r u c t u r e s  o f  p h e n c y c l id in e s ,  we have s tu d i e d  th e  p h o to e le c t r o n  
s p e c t r a  o f  p h e n c y c l id in e  and  s e v e r a l  a n a lo g s .  As d e s c r ib e d  in  
d e t a i l  e l s e w h e r e ,^  t h i s  te c h n iq u e  a f f o r d s  q u a n t i t a t i v e  in fo r m a t io n  
on th e  e l e c t r o n  donor p r o p e r t i e s  o f  v a r io u s  p a r t s  o f  a  m o le c u le , 
an d  ca n  a l s o  p ro v id e  c o n fo r m a t io n a l  in fo r m a t io n  i n  some c a s e s .
86
PHOTOELECTRON SPECTRA
The p h o to e l e c t r o n  s p e c t r a  o f  PCP an d  a  number o f  I t s  a n a lo g s  as 
shown below  have been  exam ined  and a r e  d i s p la y e d  in  F ig u r e s  16 , 17, 
a n d  18 . The lo w -e n e rg y  IP s  a r e  a sse m b le d  i n  T a b le  13.
1a R=NH2 
1b R=NHMe 
1c R=NHEt 
Id R=NMe2 
1e R=N
If  R=N
2a R= 2c R
2b  R =
2 2d R= - C N
NO.
NHMe
0
Ionization 
Potential
Photoelectron Intensity
F ig u re  16 . P h o to e le c tr o n  S p e c tr a  o f  1 -P h e n y lc y c lo h e x y la m in e , N - ( l- P h e n y lc y c lo h e x y l) -  
m eth y lam in e , N - (1 -P h e n y lc y lo h e x y l)e th y la m in e , N ,N -(1 -P h e n y lc y c lo h e x y l) -  
d im e th y la m in e , N - ( l - P h e n y lc y c lo h e x y l ) p ip e r id in e ,  and N - ( l-P h e n y lc y c lo h e x y l) -  
m o rp h o lin e .
CDSi
Ionization 
Potential
Photoelectron In tens i fy
F ig u re  17 . P h o to e le e tro n  S p e c tra  o f  N - t l-O -A m in o p h e n y lJ c y c lo h e x y l lp ip e r id ln e ,
N -[ 1 - ( 3 - N i tro p b e n y l) c y c lo h e x y l] p i p e r i d i n e , N -[ 1 - (2 -T h ie n y l) c y c lo h e x y l] -  
p i p e r i d in e ,  and N - ( l-C y a n o c y c lo h e x y l)p ip e r id in e .
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F i g u r e  1 8 .  P h o t o e l e c t r o n  S p e c t r u m  o f  K e t a tn l n e .
oo<£>
T ab le  13.
R
K e ta m ln e
a )  +  0 .0 6  eV.
b ) A second a ro m a tic  IP
I o n iz a t io n  P o t e n t i a l s  o f  P h e n c y c lid in e  (PCP) and A nalogs
_____________________ IP s  (eV)
R n  A rom atic  IP s
l a nh2 8 .81 9 .1 2 , 9 .3
lb NHMe 8.35 8 .9 9 , 9 .1
1c
mm
NHEt 8 .2  4 8 .9 3 , 9 .1
Id NMe2 7.91 8 .9 4 , 9 .1
le p lp e r id ln o 7 .7 0 8 .8 5 , 9 .1
I f tno rpho lino 8 .0 0  (n  -  9 .4 6 ) 8 .9 7 , 9 .1 ?
2a m eta-am inopheny l 7 .7 2 7 .9 ,  8 .7 5
2b m e ta -n i tro p h e n y l 8 .0 5 9 .5 1 , 9 .8
2c 2- t h l e n y l 7 .7 9 8 .4 5 , 9 .0 0
2d cyano 8 .6 8 10.52
3 8 .41  (nco  * 9 .5 4 ) 9 .0 4 , 9 .1 8
h a s  beed e s tim a te d  from  s h o u ld e r s  w hich a re  p o o rly  r e s o lv e d .
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W ith  th e  e x c e p t io n  o f  th e  oyano a n a lo g , 2 d , a l l  th e  compounds 
a r e  e x p e c te d  to  have a t  l e a s t  th r e e  lo w -e n e rg y  I o n iz a t io n s *  In 
m ost c a s e s ,  th e  f i r s t  i o n i z a t i o n  i s  a  v e ry  b ro ad  band due to  th e  
n i t r o g e n  l o n e - p a i r ,  w i th  t h r e e  p o t e n t i a l  e x c e p t io n s :  l a  (R = NH2 ) ,  
2a (X * m e ta -a m in o p h e n y l)  and  3 ( k e ta m ln e ) .  T h is  b ro ad  band i s  
s i m i l a r  i n  sh ap e  to  th e  lo n e  p a i r  i o n i z a t i o n s  o f  o th e r  a lk y la m in e s®  
an d  th e  p ip e r id in e s ®  (C h a p te r  I I )  an d  i s  i n d i c a t i v e  o f  b o th  th e  
p y ra m id a l  g e o m e try  a t  n i t r o g e n  in  th e  g round  s t a t e  and th e  p la n a r  
g eo m etry  o f  th e  r a d i c a l  c a t i o n  s t a t e  form ed upon i o n i z a t i o n .  Two 
o t h e r  lo w -e n e rg y  i o n i z a t i o n s  a r e  e x p e c te d  to  a r i s e  from  th e  
o r b i t a l s  o f  th e  a ro m a tic  m o ie t i e s .
T h re e  p o o r ly  r e s o lv e d  i o n i z a t i o n s  a r e  o b se rv e d  in  th e  lo w - 
e n e rg y  r e g io n  o f  th e  sp e c tru m  o f  1 -p h e n y lc y c lo h e x y la m in e , 1§. The 
f i r s t  i o n i z a t i o n  a t  8 .8 1  eV i s  b ro a d e r  and l e s s  i n t e n s e  th a n  th e  
se co n d  i o n i z a t i o n  band and i t  may be t e n t a t i v e l y  a s s ig n e d  to  th e  
n i t r o g e n  lo n e  p a i r .  T h is  band i s  th e  o n ly  one w hich  i s  a p p r e c ia b ly  
a f f e c t e d  by th e  n i t r o g e n  s u b s t i t u e n t s  o f  l b ,  l c ,  and I d .  F o r 
c o m p a r is o n , th e  lo n e  p a i r  IP  o f  I so p ro p y la m in e  o c c u rs  a t  9 .3 2  eV 
an d  th e  lo n e  p a i r  IP  o f  t e r t - b u ty la m in e  o c c u rs  a t  9 .2 5  e V . T h e  
a d d i t i o n a l  c a rb o n s  w h ich  c o n s t i t u t e  th e  c y c lo h e x y l  r i n g  have 
lo w e re d  th e  IP  by 0 .1 6  eV i n  c y c lo h e x y la m in e  ( IP  K 9 .1 6  eV) r e l a t i v e  
t o  i s o p ro p y la m in e . The 1 -p h e n y lc y c lo h e x y l  m o ie ty  re s e m b le s  th e  
t e r t - b u ty l  g ro u p , b u t sh o u ld  be a  b e t t e r  e l e c t r o n  donor b e c au se  o f 
t h e  a d d i t i o n a l  c a rb o n s  o f  th e  c y c lo h e x y l  r i n g  and th e  p h e n y l g roup  
w h ich  r e p l a c e s  one o f  th e  m e th y ls .  The p h e n y l r i n g  in f lu e n c e s  th e
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IP  o n ly  by I n d u c t i o n  s i n c e  th e  n i t r o g e n  I s  removed from  c o n ju g a t io n  
an d  t h e  ir o r b i t a l s  a r e  o r t h o g o n a l  t o  th e  n i t r o g e n  l o n e - p a i r ,  b a sed  
upon  t h e  c r y s t a l  s t r u c t u r e  o f  p h e n c y c l id i n e  h y d r o c h l o r i d e .
The s e co n d  band In  t h e  s p e c t ru m  o f  l a  a t  9 .1 2  eV I s  s h a r p e r  
an d  more I n t e n s e  t h a n  th e  f i r s t  band and a r i s e s  from th e  two 
a r o m a t i c  11 o r b i t a l s *  I n d u c t i v e  e l e c t r o n - w l t h d r a w a l  by t h e  n i t r o g e n  
d i m i n i s h e s  t h e  e l e c t r o n  d o n a t i o n  o f  t h e  c y c lo h e x y l  g ro u p  to  t h e  
p h e n y l  r i n g ,  m aking  th e  1 - a m in o c y c lo h e x y l  g ro u p  a p p r o x im a te ly  a s  
good an  e l e c t r o n  donor  a s  t h e  m eth y l  g ro u p ,  ( c f*  The f i r s t  IP  o f  
t e r t - b u t y l  b en zen e  i s  a t  8 . 6 8  eV, by p h o t o i o n i z a t i o n  
s p e c t r o s c o p y . * 2 )  T o lu e n e  and  o t h e r  m onoalky l b e n z e n e 6 * 2 “ 14 have  
two i o n i z a t i o n s  a p p e a r in g  a s  a  b ro ad  band be tw een  8 .8 5 - 9 . 3 4  eV, 
w h ic h  n i c e l y  b r a c k e t  t h i s  band o f  l a .  F i n a l l y ,  a ro u n d  10 eV, th e  
s igm a  i o n i z a t i o n s  and h ig h e r  e n e rg y  a r o m a t i c  11 o r b i t a l  i o n i z a t i o n  
g i v e  r i s e  to  a  n e a r  c o n tin u u m  o f  i o n i z a t i o n  b a n d s .
The s p e c t r a  o f  N - ( l - p h e n y lc y c lo h e x y l ) m e th y l a m i n e ,  l b ,  ( l o n e -  
p a i r  IP  "  8 .3 5  e V ) ,  and N - ( l - p h e n y l c y c l o h e x y l ) e t h y l a m i n e ,  l c ,  
( l o n e - p a i r  IP  = 8 .2 4  eV ) ,  a r e  q u i t e  s i m i l a r  i n  a p p e a r a n c e .  The 
f i r s t  band i s  somewhat b e t t e r  r e s o l v e d  In  e a c h  c a se  th a n  i n  l a ,  
and  i s  a g a in  a s s i g n e d  a s  th e  l o n e - p a i r .  The d e c r e a s e s  o b s e rv e d ,  
r e l a t i v e  to  t h e  f i r s t  IP  o f  l a  a r e  0 .4 6  and  0 .5 7  eV, r e s p e c t i v e l y .  
T h ese  a r e  i n  t h e  r a n g e  e x p e c t e d  f o r  th e  c o n v e r s io n  o f  a  p r im a ry  
am ine  t o  a  s e c o n d a r y  am ine . (The IP  o f  m e thy lam lne  d e c r e a s e s  0 .7 3  
eV when a  second  m e th y l  i s  a d d e d ;  t h e  IP  o f  e th y l a m in e  d e c r e a s e s
0 .6 3  eV when a  m eth y l  g roup  i s  a d d e d . A  s l i g h t l y  l a r g e r
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d e c r e a s e  i s  e x p e c te d  w i t h  th e  e t h y l  a n a lo g ,  com pared to  th e  m ethy l  
a n a l o g ,  due  to  t h e  g r e a t e r  e l e c t r o n  d o n a t in g  a b i l i t y  o f  th e  e t h y l  
g r o u p .  The se co n d  band i s  a s s i g n e d  a s  b e f o r e  t o  two i o n i z a t i o n s  
from  t h e  ^ o r b i t a l s .  They a r e  n o t  r e s o l v e d ,  a l t h o u g h  th e  band i s  
s l i g h t l y  w id e r  th a n  i n  la* The added  m e th y l  and e t h y l  g roup  c au se  
t h e  v IP s  t o  be lo w e re d  by 0 .1 3  and  0 .1 9  eV, r e s p e c t i v e l y .  The 
i n t e n s i t y  r a t i o  i n  t h e s e  two compounds be tw een  t h e  f i r s t  and 
s e c o n d  bands  i s  n o t  a p p r e c i a b l y  d i f f e r e n t  th a n  t h a t  o b s e rv e d  f o r  
l a ,  l e n d i n g  c r e d e n c e  t o  t h e  t e n t a t i v e  a s s ig n m e n ts  made ab o v e .
The s p e c t ru m  o f  _ N - ( l - p h e n y lc y c lo h e x y l ) d im e th y la m in e ,  I d ,  
ha s  a  l o n e - p a i r  IP  o f  7 .9 1  eV, w h ich  i s  w e l l  r e s o l v e d ,  and th e  IF 
d e c r e a s e s  by 0 .4 6  eV, r e l a t i v e  to  l b  ab o v e .  T h is  d e c r e a s e  i s  a 
r e s u l t  o f  t h e  c o n v e r s i o n  o f  a  s e c o n d a ry  amine to  a  t e r t i a r y  am ine , 
an d  t h e  m ag n i tu d e  o f  t h e  d e c r e a s e  i s  co m p arab le  to  t h a t  o b s e rv e d  
f o r  t h e  c o n v e r s i o n  o f  d im e th y la m ln e  ( IP »  8 .9 3  eV) to  t r i m e t h y l -  
am lne  ( I P  » 8 . 5 4 ) ,  a  d e c r e a s e  o f  0 .3 9  eV. The two it i o n i z a t i o n s  
a r e  n o t  r e s o l v e d ,  a s  b e f o r e ,  and th e  IP  d e c r e a s e  i s  o n ly  0 .0 5  eV,. 
r e l a t i v e  t o  l b ,  a  f u r t h e r  i n d i c a t i o n  t h a t  th e  lo n e  p a i r  i n f l u e n c e s  
t h e  u o r b i t a l s  o n ly  by i n d u c t i o n .  The i n t e n s i t y  r a t i o  be tw een  th e  
l o n e - p a i r  an d  t t  i o n i z a t i o n  bands  i s  e s s e n t i a l l y  unchanged .
The 6 p e c tru m  o f  PCP, l e ,  i s  a g a in  v e ry  s i m i l a r  to  th o s e  
d i s c u s s e d  p r e v i o u s l y .  B o th  b a n d s  a r e  s l i g h t l y  b r o a d e r ,  b u t  th e  
a s s i g n m e n t s  a r e  t h e  same. The f i r s t  IP  a t  7 .7 0  eV i s  t h e  l o n e - p a i r  
an d  i s  d e c r e a s e d  by 0 .2 1  eV, r e l a t i v e  to  I d ,  by t h e  a d d i t i o n a l  
e l e c t r o n  d o n a t in g  a b i l i t y  o f  th e  e x t r a  c a rb o n s  w hich  c o m p r ise  th e
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p i p e r i d i n e  r in g *  T h i s  d e c r e a s e  due to  th e  e x t r a  carbonB i 6  o n ly  
s l i g h t l y  g r e a t e r  th a n  o b s e rv e d  f o r  t h e  e x t r a  c a rb o n s  i n  th e  
c o n v e r s i o n  o f  i s o p r o p y l  am ine  to  c y c lo h e x y la m in e  ( v id e  s u p r a ) .
The Ti o r b i t a l s  a r e  v e ry  p o o r ly  r e s o l v e d  and t h e i r  a p p e a r a n c e  and 
I P s  a r e  e s s e n t i a l l y  th e  same a s  t h o s e  o f  t o l u e n e .  A g a in ,  th e  
i n t e n s i t y  r a t i o  i s  th e  same.
The s p e c t ru m  o f  N - ( l - p h e n y l c y c l o h e x y l ) m o r p h o l i n e , I f ,  Bhows 
t h e  n i t r o g e n  l o n e - p a i r  IP  a t  8 .0 0  eV, an i n c r e a s e  r e l a t i v e  to  
p i p e r i d i n e  due to  e l e c t r o n  w i th d ra w a l  by th e  oxygen . The oxygen 
l o n e - p a i r  i o n i z a t i o n  o v e r l a p s  w i th  t h e  u i o n i z a t i o n ( s ) , m aking th e  
e x a c t  p o s i t i o n s  u n c e r t a i n .  In  any c a s e ,  th e  second  band a t  8 .9 7  eV 
i s  a s s i g n e d  to  th e  tt o r b i t a l ( s )  by co m p a r iso n  t o  th e  o t h e r  s p e c t r a  
i n  F i g u r e  16. The t h i r d  band a t  9 .4 6  eV i s  a s s i g n e d  to  th e  oxygen 
l o n e - p a i r ,  w hich  i s  e s s e n t i a l l y  th e  same as i n  oxane.*®  The
1 - p h e n y l c y c l o h e x y l  m o ie ty  has  i n d u c t i v e l y  lo w e re d  t h e  n i t r o g e n  l o n e -  
p a i r  IP  c o n s i d e r a b l y ,  com pared  to  m o rp h o l in e  ( n i t r o g e n  l o n e - p a i r  
IP  “  8 . 8 8  eV; oxygen l o n e - p a i r  IP  *  9 .7 7  e V ^ - *®) w h ich  a l s o  
l o w e r s  t h e  oxygen l o n e - p a i r  IP  by 0 .3 1  eV i n  I f .
The s p e c t ru m  o f  _ N - [ l - ( 3 - a m i n o ) p h e n y l c y c l o h e x y l ] p i p e r i d i n e ,
2 a ,  shows some s i m i l a r i t i e s  to  th e  p r e v i o u s  s p e c t r a  w hich  a i d  in  
t h e  a s s i g n m e n t s .  B ased  on t h e  i n t e n s i t y  r a t i o ,  th e  f i r s t  band a t  
7 .7 2  eV a r i s e s  from  two o v e r l a p p in g  i o n i z a t i o n s :  th e  p i p e r i d i n e
n i t r o g e n  l o n e - p a i r ,  and a  tt o r b i t a l .  The p i p e r i d i n e  l o n e - p a i r  
i o n i z a t i o n  i n  2a s h o u ld  n o t  be a l t e r e d  v e ry  much from  t h a t  i n  PCP, 
l e ,  s i n c e  t h e  l o n e - p a i r  i s  n o t  c o n ju g a t e d  w i th  th e  p h e n y l  r i n g
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a n d  i s  i n f l u e n c e d  o n ly  by i n d u c t i o n .  M e ta -a m in o to lu e n e  has  two
lo w -e n e rg y  tt i o n i z a t i o n s  a t  7 .6 6  and  8 .7 1  eV, ^  s u g g e s t i n g  th e
p r e s e n c e  o f  a  tt i o n i z a t i o n  i n  t h i s  band . Meta B u b s t i t u e n t s  i n t e r a c t
m ost  s t r o n g l y  w i t h  t h e  Ph^ o r b i t a l ,  w hich  has l a r g e  c o e f f i c i e n t s
a t  b o th  met a c a r b o n s .  T h e r e f o r e ,  t h i s  lo w e s t  ti i o n i z a t i o n  s h o u ld
a r i s e  from th e  Ph^  o r b i t a l .  The second  r e s o l v e d  band a t  8 .7 5  eV
c o r r e s p o n d s  c l o s e l y  t o  t h e  second  IP  o f  m e ta -a m in o to lu e n e , and i s
due t o  th e  Ph§ o r b i t a l .  The " l o n e - p a i r  l i k e ” o r b i t a l  o f  m e ta -
a m in o to lu e n e  has  an  IP  o f  1 0 .4 5  eV, and th e  c o r r e s p o n d in g  o r b i t a l
o f  2a i s  n o t  r e a d i l y  I d e n t i f i a b l e  i n  t h i s  s p e c t ru m ,  a l t h o u g h  th e  
*»
s h o u ld e r  a t  9 . 8 8  eV may a r i s e  from  t h i s  o r b i t a l .
The m e ta - n i t r o  a n a lo g ,  2b , has an amine l o n e - p a i r  IP  o f  8 .0 5  
eV, a p p r o x im a te ly  0 . 3  eV h i g h e r  th a n  t h a t  o f  l e  and 2 a .  T h u s ,  th e  
n i t r o  g roup  has a l a r g e  e f f e c t  on t h e  p i p e r i d i n e  l o n e - p a i r  I P ,  
e v e n  th o u g h  t h e s e  g ro u p s  a r e  s e p a r a t e d  by f i v e  bonds. The a ro m a t ic  
I P s  a p p e a r  a t  9 .5 - 1 0  eV, a p p r o x im a te ly  i n  th e  same r e g i o n  a s  th e  
IP s  o f  m e t a - n i t r o t o l u e n e  w h ich  o c c u r  a t  9 .4 8  and  1 0 .0 3  eV. S in c e  
t h e  a r o m a t i c  IP s  a r e  i n  t h e i r  no rm al  p o s i t i o n s ,  th e  l a r g e  I n c r e a s e  
i n  th e  p i p e r i d i n e  l o n e - p a i r  IP  I s  a g a i n  a t t r i b u t e d  to  a n  i n d u c t i v e  
e f f e c t .
The s p e c t ru m  o f  N - [ l - ( 2 - t h i e n y l ) c y c l o h e x y l ] p I p e r i d l n e ,  2 c ,  
h a s  t h r e e  lo w -e n e rg y  I o n i z a t i o n  b a n d s .  The f i r s t  band a t  7 .7 9  eV 
i s  a s s i g n e d  to  th e  n i t r o g e n  l o n e - p a i r ,  due to  i t s  p o s i t i o n  and 
s h a p e .  The amine l o n e - p a i r  IP  o f  2c I s  s l i g h t l y  h ig h e r  th a n  t h a t  
o f  l e ,  i n d i c a t i v e  o f  l e s s  e l e c t r o n  d o n a t io n  by th e  t h lo p h e n e  r i n g
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t h a n  t h e  benzene  r i n g .  The seco n d  and t h i r d  bands a t  8 .4 5  and 
9 .0 0  eV c o r r e s p o n d  t o  I o n i z a t i o n s  from th e  h i g h e s t  two it o r b i t a l s  
o f  t h e  t h lo p h e n e  r i n g .  The c o r r e s p o n d in g  I P s  o f  th lo p h e n e  a re  
8 .8 0  an d  9 .4 4  eV( w h i le  t h e s e  a r e  8 .3 2  and  8 .9 6  eV i n
2 - m e t h y l t h l o p h e n e . ^  As b e f o r e ,  t h e  I - p i p e r i d i n o c y c l o h e x y l  group 
i s  n e a r l y  a s  e f f i c i e n t  an  e l e c t r o n  donor a s  th e  m e th y l  g ro u p .
The s p e c t ru m  o f  N - ( l - c y a n o c y c l o h e x y l ) p i p e r i d i n e ,  2d , shows 
o n ly  one lo w -e n e rg y  i o n i z a t i o n  a t  8 . 6 8  eV w hich  i s  a s s i g n e d  to  th e  
p i p e r i d i n e  l o n e - p a i r .  The cyano  group  e x e r t s  a  s t r o n g  e l e c t r o n  
w i th d ra w in g  e f f e c t  on t h e  l o n e - p a i r  IP .  The i o n i z a t i o n s  from th e  
cyano  group  a r e  t y p i c a l l y  a t  much h ig h e r  e n e rg y  and a r e  n o t  
i d e n t i f i a b l e .  We have p r e v i o u s l y  o b s e rv e d  t h i s  " lo n g  ra n g e "
i n d u c t i v e  e f f e c t  by th e  cyano  g ro u p  i n  o t h e r  e x a m p l e s . 2 1 - 2 2
F i n a l l y ,  k e ta m ln e ,  3 ,  a  compound p h a r m a c o l o g i c a l ly  s i m i l a r  to  
PCP, has  r a t h e r  b r o a d ,  p o o r ly  r e s o l v e d ,  b a n d s .  The a n a l y s i s  i s  
b a s e d  on t h e  p r e v i o u s  a n a lo g s  o f  PCP and  on a  few m odel compounds. 
The f i r s t  b ro a d  band c e n t e r e d  a t  8 .4 1  eV a r i s e s  from  t h e  s e c o n d a ry  
am ine  l o n e - p a i r  i o n i z a t i o n .  T h i s  i s  somewhat h ig h e r  th a n  th e  
c o r r e s p o n d in g  IP  o f  l b  and l c .  The c a r b o n y l  and c h l o r i n e  a r e  b o th  
e l e c t r o n - w i t h d r a w i n g  and s h o u ld  f u r t h e r  i n c r e a s e  th e  l o n e - p a i r  IP .  
The s e co n d  b road  band c e n t e r e d  a t  9 .1 8  eV s h o u ld  a r i s e  from two
i o n i z a t i o n s :  t h e  c a r b o n y l  l o n e - p a i r ,  ( c f .  c y c lo h e x a n o n e  IP  = 9 .14
eV^3) a a d  th e  f i r s t  a r o m a t i c  I P ,  which a p p e a r s  a t  8 .8 2  eV i n  
o r t h o - c h l o r o t o l u e n e . ^  The t h i r d  band i s  a  s h o u ld e r  whose IP 
c o r r e s p o n d s  r o u g h ly  to  t h e  second  IP  o f  c h lo r o b e n z e n e .
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DISCUSSION
The l o n e - p a i r  i o n i z a t i o n  p o t e n t i a l s  o f  am ines  a r e  known to  
c o r r e l a t e  w i t h  g as  p h a se  b a s i c i t i e s  and s o l u t i o n  b a s i c i t i e s  in  
l i m i t e d  s e r i e s . ®  T h u s ,  th e  p r e d i c t e d  b a s i c i t i e s  o f  th e  compounds 
s t u d i e d  h e re  a r e :
l e  = 2a > 2c > Id > I f  > 2b > lc  > lb  > 3 > 2d > la
The I P  o f  t h e  a r o m a t i c  m o ie ty  i s  r e l a t e d  to  t h e  d e g re e  o f  
e l e c t r o n  d o n a t i o n  p o s s i b l e  by t h e  a r o m a t i c  r i n g .  On t h i s  b a s i s ,  
t h e  o r d e r  o f  e l e c t r o n  d o n a t io n  i s :
2a > 2c > l e  > lc  = Id > I f  = lb  > 3 > l a  > 2b (> 2d)
F o r  PCP ( l e )  an d  i t s  p h e n y l - s u b s t i t u t e d  d e r i v a t i v e s ,  2b and 2 c ,  
t h e  o r d e r  o f  a c t i v i t y  i n  r a t  b e h a v i o r a l  s t u d i e s  and b in d in g  assays 
f o l l o w s  t h e  o r d e r  o f  I P s :  t h e  m ost e l e c t r o n - r i c h  s p e c i e s  have th e  
g r e a t e s t  a c t i v i t y .  F o r  t h e  r e m a in in g  compounds, no d i r e c t  a c t i v i t y  
c o m p a r is o n s  a r e  a v a i l a b l e .  Our s t u d i e s  p r o v id e  e x p e r i m e n t a l  
s u p p o r t  f o r  t h e  W e in s t e i n  e t  a l .  h y p o th e s is ,* *  t h a t  th e  
e l e c t r o n - r l c h n e s s  o f  t h e  a r o m a t i c  p o r t i o n  o f  PCP, and t h e  a b i l i t y  
o f  t h i s  p o r t i o n  to  I n t e r a c t  a t t r a c t i v e l y  w i th  a  n e ig h b o r in g
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p o s i t i v e  c e n t e r ,  i n f l u e n c e s  t h e  b in d in g  a b i l i t y  and 
p h a r m a c o l o g i c a l  a c t i o n  o f  PCF an d  i t s  a n a lo g s .
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CHAPTER V. EXOCYCLIC ALKENES
INTRODUCTION
The D i e l s - A l d e r  r e a c t i o n t ^ e c y c l o a d d i t i o n  o f  a lk e n e s  
t o  d l e n e s .  I t  c o n s t i t u t e s  a v e ry  u s e f u l  method f o r  t h e  fo rm a t io n  
o f  s lx -m em bered  c a r b o c y c l i c  r i n g s .  A nalogous to  t h e s e  r e a c t i o n s  a r e  
c y c l o a d d i t i o n s  i n  w hich  a n  a l k e n e ,  o r  d i p o l a r o p h i l e ,  adds  to  a 
t h r e e  a tom  m o ie ty ,  o r  d i p o l e ,  b e a r i n g  f o u r  e l e c t r o n s  i n  a  tt sy s tem . 
T h i s  r e a c t i o n  g i v e s  r i s e  t o  f ive-m erabered  r i n g s ,  g e n e r a l l y  
c o n t a i n i n g  a t  l e a s t  one h e te r o a to m  and i s  known as  a 1 , 3 - d i p o l a r  
c y c l o a d d i t i o n .  T h i s  ty p e  o f  r e a c t i o n  has been e x t e n s i v e l y  s tu d i e d  
by H u i s g e n ,^  S u s tm a n n ,^  and  F i r e s t o n e , ^  and  t h e i r  
r e s p e c t i v e  c o w o rk e rs .
F or c y c l o a d d i t i o n  r e a c t i o n s ,  th e  o b s e rv e d  r e g i o s e l e c t i v i t i e s  
h a v e  been  e x p l a i n e d  i n  v a r i o u s  w ays, among them th e  f r o n t i e r  
m o le c u la r  o r b i t a l  approach.** For th e  1 , 3 - d i p o l a r  c y c l o a d d i t i o n ,  
r e g i o s e l e c t i v i t y  r e f e r s  t o  t h e  r e l a t i v e  o r i e n t a t i o n  o f  th e  d i p o le  
a n d  th e  d i p o l a r o p h i l e  I n  t h e  c y c l o a d d i t i o n  p r o c e s s .  Two m ajor  
t e n e t s * * * ®  wh lc h  w i l l  n o t  be d e r i v e d  h e r e ,  b u t  a r e  i m p l i c i t  i n  t h i s  
e x p l a n a t i o n  a r e :  1 ) t h e  im p o r ta n t  i n t e r a c t i o n ( s )  w h ich  have th e
g r e a t e s t  e n e r g y - lo w e r in g  e f f e c t  on th e  t r a n s i t i o n  s t a t e  a r e  th e  
m ix in g  o f  f i l l e d  o r b i t a l s  o f  one r e a c t a n t  w i t h  u n f i l l e d  o r b i t a l s  
on t h e  o t h e r ,  p a r t i c u l a r l y  th e  i n t e r a c t i o n  betw een th e  h i g h e s t  
o c c u p ie d  m o le c u la r  o r b i t a l  (HOMO) o f  one o f  th e  s p e c i e s  and th e  
l o w e s t  u n o c c u p ie d  m o le c u la r  o r b i t a l  (LUMO) o f  th e  o t h e r ;  t h e s e  two 
o r b i t a l s  a r e  th e  " f r o n t i e r  m o le c u la r  o r b i t a l s " .  The l a r g e s t
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amount o f  t r a n s i t i o n  B ta te  s t a b i l i z a t i o n  I s  e x p e c te d  when th e  
e n e rg y  d i f f e r e n c e  be tw een  t h e  HOMO and  LUMO i s  s m a l l e s t ,  and th e  
r e a c t i o n  r a t e  s h o u ld  be f a s t e s t .  The p r o d u c t s  a r e  e x p e c t e d  to  show 
t h e  g r e a t e s t  r e g l o s e l e c t i v l t y  when th e  e n e rg y  d i f f e r e n c e  betw een 
t h e  r e g i o i s o m e r l c  t r a n s i t i o n  s t a t e s  c a u se d  by f r o n t i e r  o r b i t a l  
i n t e r a c t i o n s  i s  g r e a t e s t  ( v i d e  i n f r a ) .  2 )  The j o i n i n g  o f  th e  
t e r m i n i  w i t h  l a r g e r  f r o n t i e r  m o le c u la r  o r b i t a l  (fmo) c o e f f i c i e n t s  
t o  form  one bond, c o u p le d  w i t h  th e  u n io n  o f  th e  t e r m i n i  w i th  
s m a l l e r  fmo c o e f f i c i e n t s  t o  form th e  second  bond i n  th e  
c y c l o a d d i t i o n  r e s u l t s  i n  a  g r e a t e r  s t a b i l i z a t i o n  th a n  th e  
I n t e r a c t i o n  o f  a  l a r g e  c o e f f i c i e n t  t e r m in u s  w i th  a  sm a l l  
c o e f f i c i e n t  t e r m in u s  to  form  t h e  bond. (T h e re  would be two such  
l a r g e / s m a l l  i n t e r a c t i o n s  i n  th e  c y c l o a d d i t i o n . )
G iven t h e s e  two p r i n c i p l e s  and e x c lu d in g  such  t h i n g s  as  
s t e r i c  e f f e c t s ,  t h e  r e g l o s e l e c t i v l t y  o b s e rv e d  i s  a  c o n seq u e n c e  o f  
t h e  t h r e e  d i f f e r e n t  t y p e s  o f  p o s s i b l e  HOMO/LUMO i n t e r a c t i o n s  
shown i n  F ig u r e  19. U sing  th e  c l a s s i f i c a t i o n  o f  Sus tm ann , ** t h e  
Type 1 i n t e r a c t i o n  i s  c o n t r o l l e d  by th e  s m a l l e r  e n e rg y  gap betw een 
t h e  HOMO o f  t h e  d i p o l e  and th e  LUMO o f  th e  d i p o l a r o p h i l e  compared 
t o  t h e  gap be tw een  t h e  d i p o l a r o p h i l e  HOMO and d i p o l e  LUMO. The 
r a t e  o f  r e a c t i o n  s h o u ld  be f a s t e s t  when th e  e n e rg y  gap betw een 
t h e s e  two o r b i t a l s  i s  s m a l l e s t .  The r e g l o s e l e c t i v l t y  i s  
d e te r m in e d  by t h e  e x t e n t  o f  p o l a r i z a t i o n  found  i n  t h e  i n t e r a c t i n g  
HOMO an d  LUMO. A s t r o n g l y  p o l a r i z e d  HOMO an d  LUMO s h o u ld  g iv e  a 
s i n g l e  p r o d u c t .  I n  t h e  Type I I  i n t e r a c t i o n ,  th e  two p o s s i b l e
10
3
d ip o le
LU
d i p o l a r o p h i l e ^
t
d i p o l a r o p h i l e  
j ---------------- LU
d i p o l e
LU
HO HO
LU
HO
d ip o le
d i p o l a r o p h i l e  
---------------- LU
* HO
Type I  
(HO c o n t r o l l e d )
Type I I  
(H0,LU c o n t r o l l e d )
Type I I I  
(LU c o n t r o l l e d )
F ig u re  19 . S us tm ann 's  C l a s s i f i c a t i o n  Scheme f o r  l , 3 ~ D i p o la r  C y c lo a d d i t io n s .
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HOMO/LUMO g a p s  a r e  e s s e n t i a l l y  e q u a l .  A m ix t u r e  o f  r e g l o i s o m e r s  
may r e s u l t  from t h e  r e a c t i o n  i f  t h e  H0M0(a)/LUM0(b) i n t e r a c t i o n  
l e a d s  t o  a  d i f f e r e n t  p r o d u c t  th a n  t h e  HOMO(b)/ LUMO(a) i n t e r a c t i o n ,  
o r  i f  no o r b i t a l s  a r e  a p p r e c i a b l y  p o l a r i z e d .  I n  Type I I I  
i n t e r a c t i o n s ,  t h e  s m a l l e r  gap i s  be tw een  th e  LUMO o f  th e  d i p o l e  and 
t h e  HOMO o f  t h e  d i p o l a r o p h l l e , i . e .  t h e  o p p o s i t e  i n t e r a c t i o n  b e in g  
I m p o r ta n t  com pared t o  Type I  c o n t r o l  o f  th e  R e a c t i o n .  A g a in ,  th e  
f a s t e s t  r e a c t i o n  r a t e  i s  e x p e c t e d  when th e  e n e rg y  gap i s  s m a l l e s t .
F o r  a  s t r o n g l y  p o l a r i z e d  HOMO an d  LUMO, o n ly  one p r o d u c t  s h o u ld  be 
o b s e r v e d .  B o th  Type I  and  Type I I I  r e a c t i o n s  l e a d  to  th e  same 
r e g i o i s o m e r s  when t h e  HOMO an d  LUMO o f  e a c h  o f  t h e  r e a c t a n t s  a r e  
p o l a r i z e d  i n  o p p o s i t e  d i r e c t i o n s .  When t h e  HOMO an d  LUMO o f  one o f  
t h e  r e a c t a n t s  a r e  p o l a r i z e d  i n  t h e  same d i r e c t i o n  w h i le  t h e  HOMO and 
LUMO o f  t h e  o t h e r  r e a c t a n t  a r e  p o l a r i z e d  i n  o p p o s i t e  d i r e c t i o n s ,  th e n  
a  more a c c u r a t e  a s s e s s m e n t  o f  t h e  o r b i t a l  e n e r g i e s  i s  n e c e s s a r y  to  
c o r r e c t l y  c l a s s i f y  t h e  r e a c t i o n ,  u s in g  S u s tm a n n ’s  scheme.
A z id e s  add t o  a l k e n e s  to  g i v e  two p o s s i b l e  r e g l o i s o m e r s ,  th e  
p r e f e r e n c e  f o r  f o r m a t i o n  o f  one o f  t h e s e  d e p e n d in g  on th e  n a t u r e  
o f  t h e  s u b s t i t u e n t s  a t t a c h e d ,  p a r t i c u l a r l y  on th e  
d i p o l a r o p h l l e . ^ * ® - ^  R e a c t i o n s  w i th  e l e c t r o n - r i c h  d i p o l a r o p h l l e s  
a r e  u s u a l l y  Type I I I  c o n t r o l l e d  (HOMO o f  d i p o l a r o p h l l e ,  LUMO o f  
d i p o l e ) .  S in c e  t h e  l a r g e r  t e r m i n a l  c o e f f i c i e n t s  a r e  on th e  
u n s u b s t i t u t e d  n i t r o g e n  o f  th e  a z i d e  i n  t h e  LUMO an d  on th e  
u n s u b s t i t u t e d  t e r m in u s  o f  t h e  d i p o l a r o p h l l e  i n  th e  HOMO, th e
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5 - s u b s t i t u t e d  A ^ - t r i a z o l i n e s  a r e  f a v o re d .®  R e a c t i o n s  o f  a z l d e s  
w i t h  e l e c t r o n - d e f i c i e n t  d i p o l a r o p h i l e s  a r e  o f t e n  Type I  c o n t r o l l e d ,
o
and  l e a d  t o  t h e  4 - s u b 6 t i t u t e d  A - t r i a z o l i n e s ,  a s  r a t i o n a l i z e d  
by t e r m i n a l  c o e f f i c i e n t s . ®
C y c l o a d d i t i o n s  o f  a z l d e s  w i th  a lk e n e s  a r e  exam ples  w here  th e  
c l a s s i f i c a t i o n  o f  t h e  r e a c t i o n  ty p e  i s  d e l i c a t e l y  c o n t r o l l e d .  The 
d i p o l e  HOMO c o n t r o l s  t h e  c y c l o a d d i t i o n  w i t h  s im p le  and e l e c t r o n -  
d e f i c i e n t  a lk e n e s  w h i l e  t h e  d i p o l e  LUMO c o n t r o l s  th e  c y c l o a d d i t i o n  
w i t h  e l e c t r o n - r i c h  a l k e n e s ,  i . e .  a  Type I I  l n t e r a c t i o n n . ** The 
o r b i t a l  c o e f f i c i e n t s  o f  th e  HOMO and  LUMO o f  a z l d e s  a r e  p o l a r i z e d  
i n  o p p o s i t e  d i r e c t i o n s .  The HOMO an d  LUMO o f  e l e c t r o n - r i c h  a lk e n e s  
a r e  a l s o  o p p o s i t e l y  p o l a r i z e d ;  t h u s  b o th  s e t s  o f  f r o n t i e r  o r b i t a l  
i n t e r a c t i o n s  l e a d  to  t h e  same r e g l o l s o m e r  i n  t h e s e  c a s e s . ^  F o r  
c o n j u g a t e d  and e l e c t r o n - d e f i c i e n t  a l k e n e s ,  p o l a r i z a t i o n  o f  th e  HOMO 
an d  LUMO a r e  n o t  o p p o s i t e ,  th u s  l e a d i n g  to  p r o d u c t  m ix tu re s .®
The c r u c i a l  t e s t  o f  f r o n t i e r  o r b i t a l  a p p ro a c h  I n v o lv e s  th e  c a s e s  
w here  o n ly  low r e g l o s e l e c t l v l t y  i s  o b s e rv e d .  Such c a s e s  have 
t r a d i t i o n a l l y  been c o n s id e r e d  to  I n v o lv e  a d e l i c a t e  b a la n c e
b e tw een  e l e c t r o n i c  and s t e r i c  e f f e c t s . ®
P r o d u c t  m ix tu r e s  may a l s o  be o b t a i n e d  from c y c l o a d d i t i o n s  in  
w h ic h  th e  p o l a r i z a t i o n  p r e s e n t  i n  th e  a lk e n e  m o ie ty  a r e  v e ry  s m a l l  o r
n o n - e x i s t e n t .  The i d e a l  exam ple  o f  a  n o n - p o l a r i z e d  f r o n t i e r  o r b i t a l
i s  a  s y m m e t r i c a l ly  s u b s t i t u t e d  a lk e n e .  O th e r  a l k e n e s  w h ich  a r e  
u n s y m m e t r i c a l ly  s u b s t i t u t e d  by v e ry  s i m i l a r  s u b s t i t u e n t s  w i l l  have 
v e r y  Bmall p o l a r i z a t i o n s .
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I n  1 , 3 - d i p o l a r  c y c l o a d d i t i o n s  o f  ph en y l  a z i d e ,  th e  r e a c t i v i t y  
i s  found  t o  be i n c r e a s e d  b o th  by e l e c t r o n  d o n a t i n g  and w i th d ra w in g  
s u b s t i t u e n t s  on t h e  a l k e n e . ^  S in c e  p h e n y l  a z id e  i s  a  r e a c t a n t  
t h r o u g h o u t , i t s  HOMO an d  LUMO e n e r g i e s  g i v e  r i s e  to  a  c o n s t a n t  
t e r m  i n  t h e  c a l c u l a t i o n  o f  e n e rg y  d i f f e r e n c e s .  T h e r e f o r e ,  on ly  
t h e  HOMO an d  LUMO e n e r g i e s  o f  th e  o l e f i n s  ( d i p o l a r o p h l l e s )  a r e  
n e c e s s a r y  t o  c l a s s i f y  t h e  r e a c t i o n  a c c o r d in g  to  S u s tm a n n 's  schem e. 
P h o t o e l e c t r o n  s p e c t r o s c o p y  p r o v id e s  a  m easure  o f  HOMO e n e r g i e s  o f  
r e a g e n t s .  The LUMO e n e r g i e s  a r e  n o t  known, b u t  t r e n d s  o b s e rv e d  f o r  
d i f f e r e n t  ty p e s  o f  s u b s t i t u e n t s  e n a b le  one to  e s t i m a t e  t r e n d s  i n  
LUMO e n e r g i e s .  P r e d i c t i o n s  a r e  t h e n  p o s s i b l e  c o n c e r n in g  th e  
r e a c t i o n  o f  o t h e r  d i p o l a r o p h i l e s  w i th  t h e  same d i p o l e .  The 
o c c u r r e n c e  o f  "wrong" r e g i o c h e m i c a l  r e s u l t s  w i l l  t h e n  i n d i c a t e  
when o t h e r  f a c t o r s ,  such  a s  s e c o n d a ry  o r b i t a l  i n t e r a c t i o n s ,  a re  
i m p o r t a n t  i n  t h e  t r a n s i t i o n  s t a t e .
The 1 , 3 - d i p o l a r  c y c l o a d d i t i o n s  o f  a  more e l e c t r o n - d e f i c i e n t  
1 , 3 - d i p o l e ,  su ch  as  p a r a - n i t r o b e n z e n e s u l f o n y l  a z i d e , 12-13 in v o lv e  
a  s h i f t  tow ard  more e l e c t r o p h i l i c  b e h a v io r .  The HOMO and  LUMO 
w ould  b o th  be low er  i n  e n e rg y  th a n  th o s e  o f  p h e n y l  a z i d e .  The 
HOMO an d  LUMO w i l l  b o th  be p o l a r i z e d  i n  t h e  same d i r e c t i o n  by the  
e l e c t r o n  w i th d ra w in g  s u b s t i t u e n t ,  w i th  th e  l a r g e r  c o e f f i c i e n t  on 
t h e  o p p o s i t e  e nd . The d e c r e a s e  i n  LUMO e n e rg y  w i l l  f a v o r  Type I I I  
r e a c t i o n s  i n  w hich  th e  e n e r g i e s  o f  t h e  a lk e n e  HOMO and  t h e  d i p o le  
LUMO g o v e rn  th e  r a t e  and r e g l o s e l e c t l v i t y  o f  t h e  r e a c t i o n .
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PHOTOELECTRON SPECTRA
I n  c o l l a b o r a t i o n  w i t h  P r o f e s s o r  McManus o f  t h e  U n i v e r s i t y  o f  
A l a b a m a - H u n t s v i l l e ,  who has  s t u d i e d  th e  1 , 3 - d i p o l a r  c y c l o a d d i t i o n  of 
p a r a - n i t r o b e n z e n e s u l f o n y l  a z i d e  w i th  v a r i o u s  e x o c y d i c  a l k e n e s ,  12-13 
we have exam ined  th e  p h o t o e l e c t r o n  s p e c t r a  o f  some e x o c y c l i c  
a l k e n e s ,  two o f  w hich  a r e  shown i n  F i g u r e  20. The IP s  o f  th e  
a l k e n e s  s t u d i e d  a r e  a s se m b le d  i n  T a b le  14 a lo n g  w i th  th o s e  o f  some 
r e l a t e d  compounds. The s p e c t r a  a r e  a l l  r e m a rk a b ly  s i m i l a r  i n  
a p p e a r a n c e ,  e s p e c i a l l y  th e  f i r s t  i o n i z a t i o n  band w hich a r i s e s  from 
t h e  7t o r b i t a l .  V i b r a t i o n a l  f i n e  s t r u c t u r e  i s  c l e a r l y  e v i d e n t  in
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I o n i z a t i o n  P o t e n t i a l
F i g u r e  2 0 .  P h o t o e l e c t r o n  S p e c t r a  o f  E t h y l i d e n e c y l o -  
h e x a n e  a n d  I s o p r o p y l i d e n e c y c l o h e x a n e .
Table 14. I o n iz a t io n  P o t e n t ia ls  o f E n d ocyclic  A lkenes and E x o c y c lic  AlkeneB3
N IP (eV)
5 ( 9 .0 1 )  9 . 18b 9 . 15b
6  ( 8 .9 4 )  9 . 12b 9 . 13b
7 ( 8 .8 7 )  9 . 04b 9 . 0C
8  ( 8 .8 2 )  8 . 98b 8 .9 C
( 8 .5 6 )  8 .72
( 8 .3 6 )  8 .48
( 8 .4 5 )  8 .60
( 8 .5 6 )  8 .84
( 8 .0 5 )  8.17
( 8 .1 8 )  8.36
( 8 .1 2 )  8 .29
( 8 .1 9 )  8 .37
a n a a s s a a a a a f l H a f l a s a a a a a a a d a n a a a a a s s a s a a a B a a s a a B S B B a a a f l a a B a a a B B B o a Q B a a a t i t t Q ^ t t i t t i a
a )  A l l  IP s  a re  a c c u r a te  to  +  0 .0 5  eV. The 0 ^ - 0  band i s  the  a d i a b a t i c  IP  
w hich  i s  g iven  in  p a r e n t h e s e s .  The 1 ^ - 0  band i s  the  v e r t i c a l  band l i s t e d  
i n  th e  t a b l e .
b) R e fe re n c e  15.
c )  E s t im a te d  I P s ,  from d a ta  on th e  s m a l le r  r i n g - s i z e d  a lk e n e s .
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a l l  t h e  s p e c t r a ,  I n c l u d i n g  th o s e  o f  th e  e n d o c y c l l c  a l k e n e s .  In  
e a c h  c a s e ,  t h e  l ^ - 0  t r a n s i t i o n  shows th e  g r e a t e s t  i n t e n s i t y .  T h is  
i s  t h e  t r a n s i t i o n  w i t h  t h e  l a r g e s t  F ranck-C ondon  f a c t o r ,  o r  
g r e a t e s t  v i b r a t i o n a l  o v e r l a p  o f  t h e  i n i t i a l  and f i n a l  s t a t e s .  
R oughly  s p e a k in g ,  t h i s  i n d i c a t e s  t h a t  th e  r a d i c a l  c a t i o n  geom etry  
i s  s l i g h t l y  d i f f e r e n t  from  th e  g round  s t a t e  g e o m e try ,  t h e  fo rm er  
h a v in g  a  s l i g h t l y  l o n g e r  C“C bond l e n g t h .  W ith  th e  e x c e p t i o n  o f  
t h e  s p e c t ru m  o f  c y c lo p e n te n e ,w h e r e  b o th  t h e  0 ^ - 0  an d  1 ^ —0  
t r a n s i t i o n s  have e q u a l  i n t e n s i t i e s ,  t h i s  t e n d e n c y  i s  a l s o  e v id e n t  
i n  t h e  e n d o c y c l l c  a l k e n e s .  The it i o n i z a t i o n  l e a d s  to  a  r a d i c a l  
c a t i o n  i n  w h ich  th e  CC s t r e t c h i n g  f r e q u e n c y  i s  d e c r e a s e d  to  
1200-1450  cm- *, com pared  t o  a  r a d i c a l  c a t i o n  v i b r a t i o n a l  
f r e q u e n c y  o f  1230 +  50 cm- * i n  e t h y l e n e . * ^
C y c lo p e n ta n e s
The tt i o n i z a t i o n  o f  m e th y le n e c y c lo p e n ta n e  o c c u r s  a t  9 .1 4  eV ,*^  
o n l y  B l i g h t l y  low er  th a n  t h a t  o f  c y c lo p e n te n e  ( IP  *= 9 .2 0  e V ) .* 6 “ l7 
T h i s  r e p r e s e n t s  a  d e c r e a s e  o f  0 .1 0  eV, r e l a t i v e  to  i s o b u t e n e  ( IP  ** 
9 .2 4  eV*®), due t o  th e  a d d i t i o n a l  c a rb o n s  w hich  make up th e  r i n g  
( c f .  2 - e t h y l - l - b u t e n e ,  IP = 9 .0 6  eV; *® t h e  two e x t r a  c a rb o n s  
lo w e r  t h e  IP  by 0 .1 8  eV ) .  S u b s t i t u t i o n  o f  a  m e thy l  g roup  f o r  one 
o f  t h e  v i n y l  h y d ro g en s  o f  m e th y le n e c y c lo p e n ta n e  to  g iv e  
e t h y l i d e n e c y c l o p e n t a n e  lo w e rs  t h e  IP  t o  8 .7 2  eV, a  0 . 4 2  eV 
d e c r e a s e .  The second  m e th y l  s u b s t i t u e n t  i n  i s o p r o p y l i d i n e -
I l l
c y c lo p e n ta n e  lo w e rs  th e  IP  t o  8 .3 7  eV, an a d d i t i o n a l  d e c r e a s e  o f  
0 .3 5  eV. The c o r r e s p o n d in g  d e c r e a s e s  in  th e  c o n v e r s io n  o f  
i s o b u t e n e  t o  2 - r a e th y l - 2 - b u te n e  t o  2 , 3 - d im e th y l - 2 - b u te n e  a r e  0 .5 6  
an d  0 .4 1  eV, r e s p e c t i v e l y . * ®  The e x t r a  r i n g  c a rb o n s  have s l i g h t l y  
d im in i s h e d  t h e  e f f e c t s  o f  t h e  m e th y l  s u b s t i t u e n t s  on th e  IP s  o f  
t h e s e  a c y c l i c  a l k e n e s .
C y c lo h e x a n e s
The IP  o f  c y d o h e x e n e  ( 9 .1 2  eV )*^ ^g same as t h a t  o f  
m e t h y l e n e c y c l o h e x a n e . S u b s t i t u t i o n  o f  a  m e th y l  B u b s t l t u e n t  to  
fo rm  e t h y l id e n e c y c lo h e x a n e  lo w e rs  th e  IP  by 0 .3 8  eV t o  8 .7 4  eV.
The se co n d  m ethy l  s u b s t i t u e n t  lo w e rs  th e  IP by an  e q u a l  am ount,
0 .3 8  eV, t o  8 .3 6  eV. The d e c r e a s e s  o b s e rv e d  a r e  I n  good ag reem en t  
w i t h  t h o s e  o b s e rv e d  In  th e  c y c lo p e n ta n e  s e r i e s  and w i t h  th e  
e x p e c t e d  d e c r e a s e s  a s  a  r e s u l t  o f  a d d i t i o n  o f  a  t h i r d  and f o u r t h  
s u b s t i t u e n t  t o  t h e  e t h y l e n e  u n i t .
C y c lo h e p ta n e s
The IP  o f  c y c lo h e p te n e  o c c u r s  a t  9 .0 4  e V .  *5 a  co m p a r iso n  of 
t h e  IP s  o f  th e  e n d o c y c l i c  a lk e n e s  o f  s m a l l e r  r i n g  s i z e  ( t h r e e ,  f o u r ,  
f i v e ,  and s ix -m em bered  r i n g s )  w i t h  th e  m e th y le n e c y c lo a lk a n e 6  
i n d i c a t e s  t h a t  th e  I P s  o f  th e  e n d o c y c l i c  a lk e n e s  a r e  s l i g h t l y  more 
s e n s i t i v e  to  r i n g  s i z e  th a n  th e  e x o c y c l i c  a l k e n e s .  From th e  d a ta
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g iv e n  above  f o r  t h e  c y c lo p e n ta n e s  and c y c lo h e x a n e s ,  th e  IF o f  
m e th y le n e c y c lo h e p ta n e  would be p r e d i c t e d  to  be s l i g h t l y  low er  th an  
t h a t  o f  c y c l o h e p t e n e ,  i . e .  a p p r o x im a te ly  9*0 eV. U sing  t h i s  v a l u e ,  
t h e  a d d i t i o n  o f  a  m ethy l  s u b s t i t u e n t  lo w e rs  t h e  IP  t o  8 .6 0  eV f o r  
e t h y l i d e n e c y d o h e p t a n e ,  a  d e c r e a s e  o f  0 .4 0  eV, i n  good a g re e m e n t  
w i t h  t h e  p r e v i o u s l y  r e p o r t e d  d e c r e a s e s .  The second  m ethy l  group 
( i s o p r o p y l i d e n e c y c l o h e p t a n e )  lo w e r s  th e  IP  by an a d d i t i o n a l  0 .3 1  eV, 
o n ly  s l i g h t l y  s m a l l e r  t h a n  th e  p r e v i o u s  r e s u l t s .
C y c lo o c ta n e s
The IP  o f  c i s - c y c l o o c t e n e  o c c u r s  a t  8 .9 8  e V . ^  prom t h i s  
an d  t h e  p r e v i o u s  d i s c u s s i o n ,  th e  IP  o f  m e th y le n e c y c lo o c ta n e  i s  
e s t i m a t e d  to  be a p p r o x im a te ly  8 .9  eV. The f i r s t  m e th y l  
s u b s t i t u e n t  lo w e rs  th e  IP  t o  8 . 4 8  eV, a  d e c r e a s e  o f  0 .4 2  eV, 
r e a f f i r m i n g  th e  p r e v i o u s  d e c r e a s e  due to  t h e  m e th y l  g ro u p ,  and 
s o l i d i f y i n g  th e  assum ed I P .  The second  m eth y l  group  lo w e rs  the  
IP  by an  a d d i t i o n a l  0 .3 1  eV, th e  same amount a s  in  th e  
c y c lo h e p ta n e s -
DISCUSSION
The it i o n i z a t i o n  p o t e n t i a l s  o f  m e t h y le n e - ,  e t h y l i d e n e - ,  and 
i s o p r o p y l i d e n e - c y c l o p e n t a n e s  and c y c lo h e x a n e s  a r e  e s s e n t i a l l y  
i d e n t i c a l .  T h is  i s  c o n t r a r y  to  t h e  e n d o c y c l i c  a lk e n e  I P s  w hich  show
113
a  d i f f e r e n c e  o f  0 .0 6  eV be tw een  th e  IP s  o f  c y c lo p e n te n e  and 
c y c lo h e x e n e  ( s e e  T a b le  1 4 ) .  The c o n s ta n c y  o f  th e  a l k y l i d e n e  IP s  i s  
a l s o  u n u s u a l  and d i f f e r e n t  from o b s e r v a t i o n s  on a c y c l i c  a l k e n e s ,  
whose I P s  a r e  d e te rm in e d  p r i m a r i l y  by th e  number o f  c a rb o n  a tom s in  
t h e  s u b s t i t u e n t s  a t t a c h e d  t o  t h e  a l k e n e . A p p r o x i m a t e l y  0 .1  eV 
d e c r e a s e s  i n  t h e  tt IP s a r e  o b s e rv e d  as  th e  a l k y l i d e n e  c y c l o -  
h e x a n e  r i n g  s i z e  i s  i n c r e a s e d  by a  m e th y le n e  u n i t  t o  form th e  
a l k y l i d e n e  c y c l o h e p t a n e s .  A s i m i l a r  d e c r e a s e  i s  o b s e rv e d  a s  
a n o t h e r  m e th y le n e  i s  i n s e r t e d  i n t o  t h e  r i n g  to  form  th e  a l k y l i d e n e  
c y c l o o c t a n e s .  The n IP d e c r e a s e s  o b s e rv e d  when a  m e th y le n e  u n i t  
i s  I n s e r t e d  i n t o  a  c y d o p r o p e n e  o r  c y c lo b u te n e  r i n g  a r e  l a r g e r  
t h a n  0 .1  eV p e r  m e th y le n e  u n i t .
T h i s  l a c k  o f  change  w i t h  a  r i n g - s i z e  I n c r e a s e  f o r  t h e s e  two 
s e t s  o f  compounds i s  even  more u n u s u a l  when compared to  th e  
d e c r e a s e s  c a u se d  by th e  m e th y l  g ro u p s  w hich  a r e  s e q u e n t i a l l y  added 
t o  t h e  d o u b le  bond. Each m e th y l  g roup  c a u s e s  a  0 . 3 - 0 . 4  eV 
d e c r e a s e  i n  a lk e n e  I P .  I t  may be a rg u e d  t h a t  s u b s t i t u t i n g  
d i r e c t l y  on t h e  d o u b le  bond s h o u ld  have a  g r e a t e r  e f f e c t  th a n  an 
i n c r e a s e  i n  r i n g  s i z e .  An i n c r e a s e  i n  r i n g  s i z e  would s t i l l  be 
e x p e c t e d  t o  have  an  o b s e r v a b l e  e f f e c t  on th e  IP  f o r  f i v e -  and  
s ix -m em b ered  r i n g s .
The v i o n i z a t i o n  p o t e n t i a l  o f  a  number o f  a lk e n e s  was shown 
t o  c o r r e l a t e  w i t h  t h e  r a t e  o f  c y c l o a d d i t i o n  f o r  p h e n y l  a z i d e .
The r e a c t i v i t i e s  o f  t h e  a l k e n e s  s t u d i e d  h e re  a r e  p r e d i c t e d  to  be:
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i s o p r o p y l l d e n e s  > e t h y l l d e n e s  > m e t h y l e n e c y d o a l k a n e s
t h a t  I s ,  th e  same a s  th e  o r d e r  o f  I n c r e a s i n g  i o n i z a t i o n  p o t e n t i a l .  
W i th in  e a c h  g ro u p ,  t h e  r e a c t i v i t i e s  o f  th e  v a r i o u s  s i z e d  r i n g s  
s h o u ld  be
5 = 6 < 7 < 8
The r e a c t i v i t i e s  found  by McManus w ere d e te rm in e d  from  th e  
a p p ro x im a te  t im e  r e q u i r e d  f r o  t h e  d i s a p p e a r a n c e  o f  t h e  a z i d e . ^  
The l e s s  s u b s t i t u t e d  m e t h y l e n e c y d o a l k a n e s  a r e  more r e a c t i v e  th a n  
t h e  e t h y l i d e n e c y c l o a l k a n e s  and i s o p r o p y l i d e n e c y c l o a l k a n e s .  The 
a l k y l i d e n e c y c l o p e n t a n e s  and a l k y l i d e n e c y c l o h e p t a n e s  r e a c t  a t  
c o m p a rab le  r a t e s ,  f o l lo w e d  by t h e  a l k y l l d e n e c y c l o o c t a n e s ,  w hich 
a r e  s l i g h t l y  f a s t e r  th a n  t h e  a l k y l i d e n e c y c l o h e x a n e s .
W hile  f r o n t i e r  o r b i t a l  i n t e r a c t i o n s  do n o t  f a r e  w e l l  in  th e  
p r e d i c t i o n  o f  r e l a t i v e  r e a c t i v i t i e s  f o r  t h i s  s tu d y ,  i t  must be 
p o i n t e d  o u t  t h a t  th e  r e a c t i v i t i e s  o f  c y c lo p e n te n e  and c y c lo h e x e n e  
w i t h  p h e n y l  a z i d e  a r e  a l s o  n o t i c e a b l y  d i f f e r e n t . ^  F r o n t i e r  
m o le c u la r  o r b i t a l  t h e o r y  does  p r e d i c t  th e  o b s e rv e d  r e g l o i s o m e r s  
i n  t h e  m a j o r i t y  o f  e x a m p le s .  The HOMO o f  m e t h y l e n e c y d o a l k a n e s  
an d  e t h y l i d e n e c y c l o a l k a n e s  s h o u ld  be p o l a r i z e d  such  t h a t  
th e  l a r g e r  c o e f f i c i e n t  . i s  found  on th e  l e s s - s u b s t i t u t e d  t e r m in u s  
o f  t h e  a lk e n e .  F o r  t h e s e  c a s e s ,  t h e  o b s e rv e d  p r o d u c t  r e s u l t s  from 
a d d i t i o n  o f  t h e  u n s u b s t i t u t e d  ( e l e c t r o p h i l i c  t e rm in u s  w i th  l a r g e r
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c o e f f i c i e n t )  t e r m in u s  o f  th e  a z i d e  to  t h e  l e s s —s u b s t i t u t e d  
t e r m in u s  o f  th e  a l k e n e ,  w h ich  a l s o  has t h e  l a r g e r  c o e f f i c i e n t ,  i . e .  
t h e  " c o r r e c t "  p r o d u c t ,  a s  p r e d i c t e d  from f r o n t i e r  m o le c u la r  
t h e o r y .  The "w rong” p r o d u c t  r e s u l t s  from a d d i t i o n  o f  th e  
s u b s t i t u t e d  a z id e  t e r m in u s  t o  th e  l e s s - s u b s t i t u t e d  a lk e n e  t e r m in u s .
Only  t h e  c o r r e c t  p r o d u c t  i s  o b s e rv e d  i n  c y c l o a d d i t i o n s  o f  th e  
m e t h y l e n e c y d o a l k a n e s  and e t h y l i d e n e c y c l o a l k a n e s  to  p a r a -  
n i t r o b e n z e n e s u l f o n y l  a z i d e .  A m ix t u r e  o f  p r o d u c t s  r e s u l t s  from 
c y c l o a d d i t i o n  -of t h e  a z i d e  t o  i s o p r o p y l i d e n e c y c l o a l k a n e s .  The 
f r o n t i e r  m o le c u la r  o r b i t a l s  o f  i s o p r o p y l l d e n e s  s h o u ld  be o n ly  
s l i g h t l y  p o l a r i z e d  ( i n  t h e  same d i r e c t i o n  a s  b e f o r e )  s i n c e  th e  
d o u b le  bond has  f o u r  a l k y l  s u b s t i t u e n t s .  The o b s e rv e d  r a t i o s  o f  
" c o r r e c t " : " w r o n g ” r e g l o i s o m e r s  f o r  th e  i s o p r o p y l i d e n e c y c l o a l k a n e s  
f o r  t h e  v a r i o u s  r i n g  s i z e  c y c l o a l k a n e s  a r e :
5 ( 1 . 7 : 1 )  ; 6 ( 1 . 5 : 1 )  ; 7 ( 1 . 1 : 1 )  ; 8 ( 1 : 1 . 7 ) .
The t r e n d  tow ard  an  I n c r e a s e  in  t h e  amount o f  "wrong" 
r e g i o i s o m e r  ( s u b s t i t u t e d  t e r m in u s  o f  th e  a z id e  a d d in g  to  th e  
m e t h y l - s u b s t i t u t e d  end o f  th e  a lk e n e )  i s  d i r e c t l y  o p p o s i t e  to  what 
i s  p r e d i c t e d  from  f r o n t i e r  m o le c u la r  o r b i t a l  t h e o r y ,  b a s e d  on 
I P s .  As r i n g  s i z e  I n c r e a s e s ,  th e  i o n i z a t i o n  p o t e n t i a l  d e c r e a s e s ,  
w h ic h  means t h a t  t h e  c y c lo o c t a n e  r i n g  i s  a b e t t e r  donor th a n  th e  
c y c lo h e p ta n e  r i n g  w hich  i s  b e t t e r  th a n  th e  c y c lo h e x a n e  and 
c y c lo p e n ta n e  r i n g s .  The o p p o s i t e  t r e n d s  o f  IP s  and p r o d u c t  r a t i o s
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I n d i c a t e  t h a t  o t h e r  f a c t o r s ,  su c h  a s  s t e r l c  e f f e c t s  a n d /o r  
c o n f o r m a t i o n a l  e f f e c t s  o f  th e  m e th y l  s u b s t i t u e n t s  and th e  
h y d ro g e n s  o f  t h e  c y c lo c l a k a n e  a r e  o v e r r i d i n g  th e  f r o n t i e r  
m o le c u la r  o r b i t a l  p r e f e r e n c e .  A d d i t i o n a l  s tu d y ,  e i t h e r  
c o m p u t a t i o n a l l y  or e x p e r i m e n t a l l y ,  I s  r e q u i r e d  f o r  a  b e t t e r  
u n d e r s t a n d i n g .  The c u r i o u s  i d e n t i t y  o f  IP s  f o r  a l k y l l d e n e -  
c y c l o p e n t a n e s  and a l k y l l d e n e c y c l o h e x a n e s , a l s o  m e r i t s  a d d i t i o n a l  
s t u d y .
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CHAPTER VI. CUMENES AND CYCLOPROFYLBENZENES
INTRODUCTION
A number o f  c o m p a r is o n s  have been made betw een  a  ir bond and a 
c y c lo p r o p a n e  r i n g . * The p o s s i b i l i t y  o f  c o n j u g a t i o n  be tw een  th e  
r i n g  and an a d j a c e n t  tt s y s te m  has  l e d  t o  a  v a r i e t y  o f  e x p e r i m e n t a l  
p r o b e s  t o  e v a l u a t e  t h e  amount o f  c o n j u g a t i o n .
W alsh  p r e d i c t e d  t h a t  th e  p la n e  o f  th e  c y c lo p r o p a n e  r i n g  
s h o u ld  be p e r p e n d i c u l a r  t o  th e  p la n e  o f  th e  u n s a t u r a t e d  s i d e  
c h a i n , ^  i . e .  a  " b i s e c t e d "  c o n f o r m a t io n .  In  m o le c u la r  o r b i t a l  
t e r m s ,  t h e  b i s e c t e d  c o n fo r m a t io n  would p r o v id e  f o r  maximum o v e r l a p  
o f  one o f  t h e  d e g e n e r a t e  HOMOs o f  t h e  c y c lo p r o p a n e  r i n g  and a  
it B ystem , a s  shown:
' Q
C ?
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The u l t r a v i o l e t  a b s o r p t i o n  s p e c t ru m  o f  c y c lo p r o p y lb e n z e n e  was 
s u c c e s s f u l l y  p r e d i c t e d  from  m o le c u la r  o r b i t a l  c a l c u l a t i o n s  on 
t h e  m o le c u le  In  t h e  b i s e c t e d  c o n fo rm a t io n .®  i t  was n o t e d  by S t r a i t  
e t  a l . ^  t h a t  t h e  c o n j u g a t i o n  be tw een  t h e  c y c lo p r o p a n e  W alsh 
o r b i t a l s  and th e  p a r a - s u b s t i t u t e d  benzene  r i n g  was s t r o n g  o n ly  fo r  
e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t s .  Goodman and Eastman® f a i l e d  to  
o b s e r v e  any s i g n i f i c a n t  d i f f e r e n c e  be tw een  t h e  u l t r a v i o l e t  s p e c t r a  
o f  s p i r o [ c y c l o p r o p a n e - 1 , 1 ' - i n d a n ]  an d  b e n z o b i c y c l o [ 3 . 1 . 0 ] h e x a n e ,
i . e .  a  b i s e c t e d  and n o n - b l s e c t e d  " c y c lo p r o p y lb e n z e n e " .
H ix so n  and co -w orke rs® - ® have  been s tu d y i n g  th e  p h o to ­
c h e m i s t r y  o f  p a r a - s u b s t i t u t e d  c y c lo p r o p y lb e n z e n e s .
They have  d e te r m in e d  t h a t  e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s  d e c r e a s e  
t h e  r e a c t i v i t y  w h i l e  e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t s  i n c r e a s e  th e  
r e a c t i v i t y .  E l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t s  g r e a t l y  d e c r e a s e  
t h e  l i f e t i m e  o f  t h e  s i n g l e t  s t a t e  w h i le  e l e c t r o n - d o n a t i n g  g ro u p s  
i n c r e a s e  t h e  l i f e t i m e  o n ly  s l i g h t l y .  These  p h o to c h e m ic a l  r e s u l t s  
s u g g e s t  t h a t  t h e r e  i s  an  I n c r e a s e d  i n t e r a c t i o n  be tw een  th e
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c y c lo p r o p a n e  and benzene  r i n g s  w hich  c o n t a i n  e l e c t r o n - w i t h d r a w i n g  
B u b s t l t u e n t s »
P e s  has  been u se d  i n  c o n j u n c t i o n  w i t h  some p h o to c h e m ic a l  
r e a c t i v i t y  s t u d i e s *  The f a c i l e  p h o to c h e m ic a l  r i n g  c l o s u r e  o f  
n o r b o r n a d l e n e s  t o  q u a d r l c y c l a n e s  i s  a  w id e s p re a d  o c c u r re n c e ® ” ^  a s  
a c o n seq u e n c e  o f  t h e  o r b i t a l  sequence  w hich  p l a c e s  th e  tj_ 
c o m b in a t io n  o v e r  t h e  tt+  l e v e l .  E l e c t r o n i c  e x c i t a t i o n  p ro m o tes  an 
e l e c t r o n  from  an o r b i t a l  w h ich  I s  a n t i b o n d i n g ,  w i th  r e s p e c t  t o  th e  
i n d i v i d u a l  e t h y l e n e  f r a g m e n t s ,  to  a  bond ing  o r b i t a l .  S t u d i e s  o f  
some o t h e r  n o n - c o n j u g a t e d  d i e n e s ,  such  a s  c y c l o h e x a d i e n e s ,  i n  w hich 
th e  e t h y l e n e  f ra g m e n ts  b e a r  a  s p a t i a l  r e s e m b le n c e  to  
n o r b o r n a d i e n e ,  |jUt a i BO c o n t a i n i n g  h i g h - l y i n g  o o r b i t a l s
h a v e  s e p a r a t e d  th ro u g h -b o n d  and th r o u g h - s p a c e  e f f e c t s . I n  t h e s e  
c a s e s ,  t h e  v l e v e l s  a r e  r e v e r s e d  and th e  p h o to c h e m ic a l  c y c l i z a t i o n  
p r o d u c t s  w ere n o t  o b s e rv e d .
P h o t o e l e c t r o n  s p e c t r o s c o p y  has  been s u c c e s s f u l  i n  s tu d y in g  
c o n j u g a t i v e  i n t e r a c t i o n s  i n  s p i r o  [ c y c l o p r o p y l a l k e n e s  ] w i t h
a  b i s e c t e d  c o n f o r m a t io n .  These  s t u d i e s  r e v e a l  an  i n t e r a c t i o n  
be tw een  t h e  W alsh  o r b i t a l s  and th e  * o r b i t a l .  Pes s t u d i e s  on 
a l k e n y l i d e n e c y c l o p r o p a n e s ^  have  d e te rm in e d  t h a t  an  i n t e r a c t i o n  
c a n  o c c u r  be tw een  a  it o r b i t a l  and th e  c y c lo p ro p a n e  r i n g ,  even i n  
t h e  n o n - b i s e c t e d  c o n f o r m a t io n .  An e v a l u a t i o n  o f  th e  s p l i t t i n g s  
o b s e rv e d  i n  t h e  s p e c t r a  o f  1 - a l k y l - l - p h e n y l c y c l o p r o p a n e s * ?  have  
s u g g e s t e d  t h a t  t h e  n o n - b i s e c t e d  c o n fo r m a t io n  i s  p r e f e r r e d  i n
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c y c lo p r o p y lb e n z e n e  and p a r a - m e th o x y c y c lo p r o p y lb e n z e n e .  S u p p o r t iv e  
MIEHM (M o d i f ie d  I t e r a t i v e  E x te n d ed  Hiickel M ethod) c a l c u l a t i o n s ^  
p r e d i c t e d  a  l a r g e  s p l i t t i n g  i n  t h e  71 l e v e l s ,  even i n  t h e  n o n -  
b i s e c t e d  c o n f o r m a t io n .  F o r  a l l  a n g le s  o f  r o t a t i o n  a b o u t  th e  
c o n n e c t i n g  bond , th e  W alsh e g o r b i t a l  c o n ta i n e d  a  s u b s t a n t i a l  
c a r b o n - 2 p c o n t r i b u t i o n  i n  t h e  c y c lo p r o p a n e  r i n g  p l a n e .
PHOTOELECTRON SPECTRA
‘-CN -CH
X = H, Me. OMe.CN.CFj
I n  c o l l a b o r a t i o n  w i t h  P r o f e s s o r  H ixson  o f  th e  U n i v e r s i t y  o f  
M a s s a c h u s e t t s ,  we have  r e c o r d e d  and a n a ly z e d  t h e  p h o t o e l e c t r o n  
s p e c t r a  o f  s e v e r a l  p a r a - s u b s t i t u t e d  c y d o p r o p y l b e n z e n e s .  T h ree  
b e n z o b i c y c l o [ 3 . 1 . 0 ] h e x a n e s  w ere a l s o  a n a ly z e d  a s  r i g i d  m odels  o f  
n o n - b i s e c t e d  c y d o p r o p y l b e n z e n e s .  S e v e r a l  cumenes were a l s o  
exam ined  a s  a c y c l i c  m odels  o f  a  n o n - c o n j u g a t i n g  c y c lo p r o p y l  
s u b s t i t u e n t .  Some r e p r e s e n t a t i v e  s p e c t r a  a r e  shown i n  F i g u r e  21, 
an d  t h e  IP s  a r e  a s s e m b le d  i n  T a b le  15, a lo n g  w i th  th o s e  o f  some 
m odel compounds.
The s p e c t r a  o f  cumene and c y c lo p r o p y lb e n z e n e  have  been 
c o n t r a s t e d  p r e v i o u s l y .  The f i r s t  band o f  cumene I s  v e r t i c a l
Ionization 
Potential
Photoelectron Intensity
o
o>
CD
F i g u r e  2 1 .  P h o t o e l e c t r o n  S p e c t r a  o f  C u m e n e ,  C y c l o p r o p y l b e n z e n e ,  a n d  
B e n z o b i c y c l o [ 3 . 1 . 0 ] h e x a n e .
T able 15.
X
j & y
I o n i z a t i o n P o t e n t i a l s o f  S u b s t i t u t e d  B e n z e n es .
IP s  ( v e r t . , eV)
X IP IP HIGHER IP s
Hc 9 .2 5 9 .2 5
Mec 8 .7 2 9 .2 4
OMec 8 .4 2 9 .2 1 1 1 . 0 2 e
CNc 9 .7 0 10.13
CF3d 9 .9 0 11 .9
H 8 .9 7 9 .2 9
Me 8 .5 5 9 .1 0
OMe 8 . 1 0 9 .0 4 1 0 . 78e
CN 9 .3 7 9 .8 6
c f 3 9 .3 6 9 .7 0
H 8 . 72 9 .1 9 10 .54  11 .13
Me 8 .4 1 9 .0 4 10 .34  10 .99
OMe 8 . 1 0 9 .0 0 1 0 .1 8 f  10 .64
CN 9 .0 8 9 .8 4 10 .97  11 .39
c f 3 9 .1 5 9. 69 10 .94  11 .49
H 8 .4 3 8 .9 2 10 .23
OMe 7 .8 0 8 .8 9 9 .9 9 f  10 .2 8
CN 8 .8 7 9 .5 3 1 0 . 0 2  1 1 . 1 0
T able 15. (c o n tin u e d )
a )  +  0 .0 5  eV.
b )  T h ese  a r e  t h e  c y c lo p ro p a n e  W alsh o r b i t a l s ,  u n l e s s  o t h e r w i s e  
n o t e d .
c )  R e f e re n c e  19.
d )  R e f e re n c e  20.
e )  Oxygen l o n e  p a i r  I P .
f )  One o f  t h e s e  two bands  a l s o  c o n t a i n s  an  oxygen lo n e  p a i r  IP .
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a c c o r d i n g  t o  one a u t h o r , ^  ^ u t  n o n - v e r t i c a l  by a n o th e r  g r o u p . ^ 0  
Our e x a m in a t io n  o f  t h e  s p e c t ru m  shows a  w e l l - d e f i n e d  a d i a b a t i c  IP  
w h ic h  i s  o n ly  s l i g h t l y  l e s s - i n t e n s e  th a n  th e  v e r t i c a l  I P .  T h is  
means t h e  g ro u n d  s t a t e  o f  t h e  n e u t r a l  m o le c u le  i o n i z e s  w i th  e q u a l  
p r o b a b i l i t i e s  to  t h e  f i r s t  and second  v i b r a t i o n a l  l e v e l s  o f  th e  
c a t i o n .  A l l  t h e  cumenes e x c e p t  t h e  p a r a - m ethoxy d e r i v a t i v e  show a 
w e l l - d e f i n e d  a d i a b a t i c  i o n i z a t i o n  p o t e n t i a l  w hich  i s  a l s o  th e  
v e r t i c a l  IP  i n  two i n s t a n c e s .  The f i r s t  band o f  c y c lo p r o p y lb e n z e n e  
i s  d e f i n i t e l y  n o n - v e r t i c a l  w hich  means t h e r e  i s  a  s i g n i f i c a n t  
d i f f e r e n c e  be tw een  t h e  s h a p e s  o f  t h e  p o t e n t i a l  c u r v e s  f o r  th e  
n e u t r a l  and c a t i o n i c  g round  s t a t e s  o f  c y c lo p r o p y lb e n z e n e .  The 
d i f f e r e n c e  a r i s e s  from  a n  i n t e r a c t i o n  o f  th e  h i g h e s t - o c c u p i e d  
b | ~ l i k e  b en zen e  o r b i t a l ^  an d  an a l k y l  o bond ing  o r b i t a l ,  i . e .  
a  W alsh o r b i t a l .  The band a r i s i n g  from th e  a 2 ~ l i k e  o r b i t a l  i s  
p o o r l y  r e s o l v e d  i n  b o th  c a s e s .  The c y d o p r o p y l b e n z e n e s  have two 
a d d i t i o n a l  ban d s  w hich  a r e  s e p a r a t e d  from t h e  t t  i o n i z a t i o n s  and 
a r i s e  from  th e  W alsh o r b i t a l s .
The v e r t i c a l  IP s  o f  cumene a r e  found a t  8 .9 7  eV and  9 .2 9  eV 
a n d  a r e  a s s i g n e d  to  t h e  b j ~ l i k e  (P hg )  and  th e  a 2 ~ l i k e  
(P h ^ )  o r b i t a l s ,  r e s p e c t i v e l y .  The IP s  o f  c y c lo p r o p y lb e n z e n e  
a r e  found  a t  8*72 eV, 9 .1 9  eV, 1 0 .5 4  eV, and 1 1 .1 3  eV. The f i r s t  
two i o n i z a t i o n s  a r e  a s s i g n e d  t o  th e  Phg and  PhA o r b i t a l s ,  
s i m i l a r  t o  t h e  cum enes. The l a s t  two i o n i z a t i o n s  a r i s e  from th e  
o r i g i n a l l y  d e g e n e r a t e  W alsh HOMOs o f  c y c lo p r o p a n e .
D onors  a t  t h e  p a ra  p o s i t i o n  o f  c y c lo p r o p y lb e n z e n e  o r  cumene
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a r e  e x p e c t e d  t o  c a u s e  t h e  l a r g e s t  d e c r e a s e  to  be o b s e rv e d  i n  th e  
Phg IP  s i n c e  t h e  two g ro u p s  a r e  a t t a c h e d  to  " l a r g e "  c o e f f i c i e n t  
s i t e s ,  w i t h  l i t t l e  o r  no e f f e c t  on th e  PhA I P ,  s i n c e  PhA has  
a  n o d a l  p l a n e  th r o u g h  t h e s e  s i t e s *  The Walsh ea  o r b i t a l  o f  th e  
c y c lo p r o p a n e  r i n g  s h o u ld  p r e f e r e n t i a l l y  i n t e r a c t  w i th  t h e  p h e n y l  
r i n g  (Phs  o r b i t a l )  and  be r a i s e d  i n  e n e r g y ,  r e l a t i v e  to  th e  Walsh 
e s  o r b i t a l  w hich  h a s  a  node a t  t h e  s i t e  o f  a t t a c h m e n t  to  th e  
p h e n y l  r i n g .  The s u b s t i t u e n t  may i n f l u e n c e  th e  e l e c t r o n  d e n s i t y  i n  
t h e  c y c lo p r o p a n e  r i n g  th r o u g h  th e  ea  o r b i t a l  w hich  can  th e n  cause  
c h a n g e s  i n  t h e  IP  o f  t h e  e s  o r b i t a l .
The a d i a b a t i c  I o n i z a t i o n  p o t e n t i a l  o f  p a r a - cvmene ( p a r a -  
m e thy lcum ene)  a t  8 .4 3  eV i s  a l s o  t h e  v e r t i c a l  i o n i z a t i o n  
p o t e n t i a l .  F o r  a n  a c c u r a t e  c o m p a r iso n  o f  t h e  v a r i o u s  cumene 
d e r i v a t i v e s  and  t h e i r  c y c lo p r o p y lb e n z e n e  c o u n t e r p a r t s ,  i t  i s  
p r e f e r a b l e  to  compare t h e  same p r o c e s s ,  i . e .  we must compare th e  
i o n i z a t i o n  w h ich  i n v o l v e s  t h e  same s t a t e  o f  th e  r a d i c a l  c a t i o n  In  
a s  many exam ples  a s  p o s s i b l e ,  w hich  may mean com paring  one o f  th e  
v i b r a t i o n a l  bands  i n  th e  p e s ,  n o t  j u s t  th e  v e r t i c a l  I P s .  B ased  on 
t h e  n o n a d l a b a t i c  i o n i z a t i o n  a t  8 .5 5  eV, a  p a r a - m e th y l  s u b s t i t u e n t  
c a u s e s  a  0 .4 2  eV d e c r e a s e  i n  t h e  f i r s t  IP  o f  cumene. The second  IP 
i s  lo w e re d  by 0 .1 9  eV i n  a c c o r d  w i t h  e x p e c t a t i o n s .
The s p e c t r a  o f  a l l  t h e  c y d o p r o p y l b e n z e n e s  a r e  s i m i l a r ,  w i th  
c l e a r  i n d i c a t i o n s  t h a t  t h e  s h a p e s  o f  th e  p o t e n t i a l  c u r v e s  f o r  th e  
n e u t r a l  and  c a t i o n  g round  s t a t e s  a r e  d i f f e r e n t .  The f i r s t  two 
i o n i z a t i o n s  o f  p a r a - m e t h y lc y d o p r o p y lb e n z e n e  o c c u r  a t  8 .4 1  eV and
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9 .0 4  eV, w hich  c o r r e s p o n d  to  d e c r e a s e s  o f  0 .3 1  eV an d  0 .1 5  eV, 
r e s p e c t i v e l y ,  s l i g h t l y  s m a l l e r  i n  m a g n i tu d e  b u t  i n  t h e  same 
d i r e c t i o n  a s  th e  cumene6 * The c y c lo p r o p y l  W alsh o r b i t a l  I P s  a t  
1 0 .3 4  eV an d  1 0 .9 9  eV a r e  lo w e re d  by 0 .2 0  eV an d  0*14 eV, 
r e s p e c t i v e l y ,  r e l a t i v e  t o  c y d o p r o p y l b e n z e n e .
As s t a t e d  p r e v i o u s l y ,  an a d i a b a t i c  i o n i z a t i o n  p r o c e s s  i s  n o t  
r e a d i l y  i d e n t i f i a b l e  f o r  p a r a -m ethoxyeum ene. The p a r a - m ethoxy 
s u b s t i t u e n t  lo w e rs  t h e  f i r s t  IP  o f  cumene by 0 .8 7  eV t o  8 .1 0  eV.
The second  IP  i s  lo w e re d  by 0 .2 5  eV t o  9 .0 4  eV. The tt IP s  o f  the  
c y d o p r o p y l b e n z e n e  a n a lo g  a r e  lo w e re d  by 0 .7 2  eV an d  0 .1 9  eV, 
r e s p e c t i v e l y ,  to  8 .0 0  eV an d  9 .0 0  eV. The Walsh o r b i t a l  I P s  a r e  
d e c r e a s e d  by 0 .3 6  eV an d  0 .4 9  eV t o  1 0 .1 8  eV an d  1 0 .6 4  eV, 
r e s p e c t i v e l y .  A l l  t h e  d e c r e a s e s  c a u se d  by th e  methoxy g roup  a r e  
l a r g e r  th a n  t h o s e  c a u s e d  by th e  m e th y l  g r o u p ,  c o n s i s t e n t  w i th  th e  
l a r g e r  e l e c t r o n  d o n a t i n g  a b i l i t y  o f  th e  m ethoxy g ro u p .  The oxygen 
l o n e  p a i r  i o n i z a t i o n  I n  p a r a - m ethyoxycumene I s  t e n t a t i v e l y  a s s ig n e d  
t o  t h e  w e l l - d e f i n e d  s h o u ld e r  a t  1 0 .7 8  eV I n  th e  s p e c t ru m .  The 
l o c a t i o n  o f  t h i 6  i o n i z a t i o n  i n  t h e  c y d o p r o p y l b e n z e n e  a n a lo g  i s  
u n c e r t a i n .
F o r  e l e c t r o n - d o n a t i n g  g r o u p s ,  we have  compared th e  IP s  o f  
t h e  cumenes and c y c lo p r o p y lb e n z e n e s .  The Ph^ o r b i t a l  has a node 
a t  t h e  s i t e  o f  a t t a c h m e n t  and  d o es  n o t  c o n ju g a t e  w i th  th e  
s u b s t i t u e n t ,  r e s u l t i n g  i n  m in im al c h a n g es  i n  th e  I P .  E l e c t r o n -  
w i th d ra w in g  s u b s t i t u e n t s  d e c r e a s e  th e  c h a rg e  d e n s i t y  i n  th e
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a r o m a t i c  r i n g  and c a u s e  b o th  n I o n i z a t i o n s  to  o c c u r  a t  low er  e n e rg y .  
T h i s  n e c e s s i t a t e s  t h e  i n c l u s i o n  o f  an  a d d i t i o n a l  c o n s i d e r a t i o n  in  
t h e  a s s ig n m e n t s  and th e  e v a l u a t i o n  o f  t r e n d s  i n  t h e  I P s .  W ith 
t h e s e  e l e c t r o n —w ith d ra w in g  g r o u p s ,  a  n o t i c e a b l e  change  i s  o b s e rv e d  
i n  t h e  PhA I P .  We can  no l o n g e r  compare t h e  s u b s t i t u t e d  
d e r i v a t i v e  d i r e c t l y  to  t h e  p a r e n t  h y d ro c a rb o n  w i t h o u t  com paring  
t h e  e f f e c t  t h a t  e l e c t r o n - w i t h d r a w i n g  g ro u p s  have  on th e  I P s  o f  
b e n z e n e .  K o b a y a s h l ^  has  i n d i c a t e d  t h a t  t h e  i o n i z a t i o n  o r d e r  
r e m a in s  u n c h a n g ed ,  w i th  th e  Phg o r b i t a l  be low  PhA» As w i l l  be 
s e e n ,  o u r  r e s u l t s  a r e  c o n s i s t e n t  w i th  t h i s  o r d e r .
The a d i a b a t i c  IP  o f  p a r a - cyanocumene a t  9 .2 5  eV i s  a l s o  th e  
v e r t i c a l  IP .  As r e f e r r e d  t o  e a r l i e r ,  to  be c o n s i s t e n t  i n  ou r  
c o m p a r i s o n ,  t h e  IP  o f  t h e  f i r s t  v i b r a t i o n a l  band a t  9 .3 7  i s  u se d .
The cyano  g ro u p  r a i s e s  th e  f i r s t  IP  o f  cumene by 0 .2 8  eV, w h i le  th e  
s eco n d  IP  i s  r a i s e d  by 0 .5 7  eV. T h is  r e s u l t  may seem anom alous  
u n t i l  one e x a m in es  t h e  i n f l u e n c e  th e  cyano  group  has  on th e  IP s  o f  
benzene* One o f  t h e  n o r b i t a l s  i s  r a i s e d  by 0 .4 6  eV and  th e  second
i s  r a i s e d  by 0 .8 9  eV by th e  cyano g roup  i n  b e n z o n i t r i l e . ^0
S i m i l a r  c o m p a r is o n s  a r e  made f o r  p a r a - c y a n o c y d o p r o p y I b e n z e n e  
( I P s  = 9 .0 8  eV and  9 .8 4  eV ).  The i n c r e a s e s  i n  th e  IP s  ( 0 .3 6  eV 
and  0 .6 5  e V ) ,  r e l a t i v e  t o  c y d o p r o p y l b e n z e n e  a r e  l a r g e r  th a n  f o r  
t h e  cum enes ,  b u t  s m a l l e r  t h a n  f o r  b e n z en e .  More c o r r e c t l y ,  th e
d e c r e a s e s  i n  t h e  I P s  ( 0 .6 2  eV and  0 .2 9  e V ) ,  when compared to
b e n z o n i t r i l e ,  a r e  l a r g e r  f o r  th e  c y c l o p r o p y lb e n z e n e s , i n d i c a t i n g  
t h a t  th e  c y c lo p r o p y l  g roup  i n t e r a c t s  more s t r o n g l y  w i t h  th e
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a r o m a t i c  r i n g  th a n  w i th  th e  l s o p r o p y l  g ro u p ,  In  k e e p in g  w i th  th e  
r e s u l t s  o b s e rv e d  e a r l i e r  f o r  th e  e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s .
The W alsh o r b i t a l  I o n i z a t i o n s  o c c u r  a t  1 0 .9 7  eV an d  1 1 .3 9  eV.
The a d i a b a t i c  IP  o f  t h e  Phg o r b i t a l  In  p a r a - t r l f l o u r o -  
m ethy lcum ene  has  n o t i c e a b l y  d e c r e a s e d  In  I n t e n s i t y  com pared to  th e  
v e r t i c a l  IP  a t  9 .3 6  eV. T h i s  r e p r e s e n t s  a  0 .3 9  eV I n c r e a s e  i n  th e  
f i r s t  I P ,  a s  compared to  cumene. The Ph^ IP  i n c r e a s e s  to  9 .7 0  eV, 
a  0 .4 1  eV i n c r e a s e .  As w i t h  t h e  cyano d e r i v a t i v e s ,  I t  i s  p r e f e r a b l e  
t o  compare t h e  IP s  w i t h  t h o s e  o f  t r l f l o u r o m e t h y l b e n z e n e ,^ 0  i n  
w h ic h  t h e  tt I o n i z a t i o n s  a r e  n o t  s e p a r a t e d ,  a t  9 .9 0  eV. Compared in  
t h i s  m anner ,  th e  i s o p r o p y l  g ro u p  c a u s e s  a  0 .5 4  eV d e c r e a s e  i n  P h g  
and a  0 .2 0  eV d e c r e a s e  i n  PhA-
The 7t IP s  i n  p a r a - t r i f l u o r o m e t h y l c y c l o p r o p y l b e n z e n e  o ccu r  a t  
9 .1 5  eV and 9 .6 9  eV, and a r e  a s s i g n e d  a s  b e fo r e  to  i o n i z a t i o n s  
f rom  t h e  Phg an d  Ph^ o r b i t a l s .  The IP s  a t  10 .94  eV and  11 .4 9  
eV a r e  a s s i g n e d  to  t h e  WalBh o r b i t a l s .  R e l a t i v e  to  c y c l o p r o p y l -  
b e n z e n e ,  I n c r e a s e s  o f  0 .4 3  eV an d  0 .5 0  eV a r e  o b s e rv e d .  R e l a t i v e  
t o  t h e  IP  o f  t r l f l u o r o m e t h y l b e n z e n e ,  th e  IP s  d e c r e a s e  by 0 .7 5  eV 
and  0 .2 1  eV, r e s p e c t i v e l y .  As b e f o r e ,  th e  c y c lo p r o p y l  group  
i n t e r a c t s  more s t r o n g l y  w i th  t h e  p h e n y l  r i n g  th a n  t h e  I s o p r o p y l  
g ro u p  d o e s .
As r e f e r r e d  t o  e a r l i e r ,  t h r e e  b e n z o b i c y c l o [ 3 . 1 . O jhexanes  have 
a l s o  been a n a ly z e d  a s  model compounds. W hile t h e  c y c lo p ro p a n e  r i n g  
may n o t  be r o t a t e d  e x a c t l y  90° from  th e  b i s e c t e d  c o n fo r m a t io n  in  
t h e s e  m o d e ls ,  t h e  c o n j u g a t i o n  s h o u ld  be e f f e c t i v e l y  i n t e r u p t e d  to
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a l l o w  a  d e t e r m i n a t i o n  a s  to  w h e th e r  th e  b i s e c t e d  c o n fo r m a t io n  I s  
n e c e s s a r y  f o r  an  e f f e c t i v e  I n t e r a c t i o n  betw een  t h e  two r i n g s .
The I P s  o f  t h e  p a r e n t  b e n z o b i c y c l o [ 3 . 1 . 0 ] hexane  a r e  a t  8 .A3 
eV an d  8 .9 2  eV. Compared to  c y d o p r o p y l b e n z e n e ,  b o th  IP s  have been 
lo w e re d  by an  a v e r a g e  o f  0 .2 8  eV due  to  t h e  e x t r a  m e th y le n e  o f  the  
r i n g .  A m ethoxy s u b s t i t u e n t  p a ra  t o  t h e  c y c lo p r o p y l  g ro u p  ( IP  «* 
7 .8 0  eV and  8 .8 9  eV) c a u s e s  a  0 .2 0  eV d e c r e a s e  i n  th e  f i r s t  IP  and 
a  0 .1 1  eV d e c r e a s e  i n  t h e  seco n d  I P ,  r e l a t i v e  to  p a r a - m e th o x y -  
c y c lo p r o p y lb e n z e n e .  The e x t r a  m e th y le n e  u n i t  does  n o t  c a u se  as  
g r e a t  a  d e c r e a s e  a s  i n  t h e  p a r e n t .  The e x t r a  m e th y le n e  u n i t  i n  th e  
p a r a - cyano  a n a lo g  ( I P s  -  8 .8 7  eV and  9 .5 3  eV) c a u s e s  a  0 .2 1  eV 
d e c r e a s e  i n  t h e  f i r s t  IP  and  a  0 .3 1  eV d e c r e a s e  i n  th e  second  I P ,  
r e l a t i v e  t o  p a r a - c y a n o c y c lo p ro p y lb e n z e n e .
DISCUSSION
E l e c t r o n - d o n a t i n g  g ro u p s  i n  m o n o - s u b s t i t u t e d  b en zen es  
g e n e r a l l y  a f f e c t  o n ly  t h e  Phg o r b i t a l  e n e rg y ,  l i f t i n g  th e  
d e g e n e r a c y  found  In  b en z en e .  The e n e rg y  o f  th e  PhA o r b i t a l  i s  
lo w e re d  v e ry  s l i g h t l y ,  b u t  shows v e ry  m inor ch an g es  w i t h  t h e  
s u b s t i t u e n t s .  E l e c t r o n - w i t h d r a w i n g  g r o u p s ,  m ea n w h ile ,  d e c r e a s e  
t h e  e l e c t r o n  d e n s i t y  i n  t h e  p h e n y l  r i n g  by b o th  c o n j u g a t i v e  and 
i n d u c t i v e  e l e c t r o n - w i t h d r a w a l  and  low er  th e  e n e rg y  o f  b o th  o r b i t a l s .  
The d e g e n e ra c y  may o r  may n o t  be l i f t e d  by th e  s u b s t i t u e n t .  One can  
d e te r m in e  w h ic h  I n t e r a c t i o n  i s  s t r o n g e r  w i t h  t h e  Phg o r b i t a l ,
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e i t h e r  t h e  l o w - ly i n g  v a c a n t  o r b i t a l  o r  a  h i g h - l y i n g  f i l l e d  o r b i t a l ,  
b a s e d  on t h e  r e l a t i v e  o r d e r i n g  o f  th e  Phg an d  Ph^  o r b i t a l s .
I n  b e n z o n i t r i l e ,  t h e  Phg o r b i t a l  I s  s a i d  to  be d e s t a b i l i z e d  due to  
I n t e r a c t i o n  w i t h  t h e  h i g h - l y i n g  f i l l e d  o r b i t a l s  o f  th e  cyano g ro u p .
The c o n fo r m a t io n  o f  t h e  c y c lo p r o p a n e  r i n g ,  r e l a t i v e  t o  th e  
p h e n y l  r i n g ,  s h o u ld  have  a  d i r e c t  i n f l u e n c e  on th e  p h e n y l  IP s  and 
v i c e - v e r s a .  In  t h e  b i s e c t e d  c o n f o r m a t io n ,  th e  ea  o r b i t a l  can  
c o n j u g a t e  w i t h  t h e  Phg o r b i t a l ,  w hich  s h o u ld  lo w e r  th e  I P .  In  th e  
n o n - b i s e c t e d  c o n f o r m a t io n ,  th e  c y c lo p r o p y l  r i n g  s h o u ld  i n d u c t i v e l y  
lo w e r  t h e  I P .
A c o m p a r iso n  o f  t h e  r e l a t i v e  s t r e n g t h s  o f  t h e  l s o p r o p y l  and 
c y c l o p r o p y l  g ro u p s  and t h e  c o n fo r m a t io n  o f  t h e  c y c lo p r o p y lb e n z e n e s  
c a n  be made by com paring  t h e  c h a n g es  o b s e rv e d  when s u b s t i t u e n t s  a r e  
p r e s e n t .  Uhen t h e  Phg IP  f o r  e a c h  o f  t h e s e  two s e r i e s  i s  p l o t t e d  
a g a i n s t  th e  Phg o r b i t a l  o f  th e  mono6 u b s t l t u t e d  benzene  
d e r i v a t i v e s ,  th e  s l o p e  o f  t h e  l i n e  f o r  t h e  c y c lo p r o p y lb e n z e n e s  
( 1 .2 9 8 )  i s  l a r g e r  t h a n  t h e  s lo p e  f o r  t h e  cumenes ( 1 . 1 3 1 ) ,  F i g u r e  22. 
T h i 6  i n d i c a t e s  t h a t  t h e  c y c lo p r o p y lb e n z e n e s  a r e  more s e n s i t i v e  to  
t h e  n a t u r e  o f  th e  s u b s t i t u e n t ,  com pared to  t h e  cum enes.
T h e re  a r e  no o b v io u s  i n d i c a t i o n s  o f  a  change  i n  s lo p e  fo r  the  
c y c lo p r o p y lb e n z e n e s .  A c hange  i n  s lo p e  i s  e x p e c te d  i f  th e  
c o n f o r m a t io n  c h a n g e s ,  due to  th e  l o &6  o f  c o n j u g a t i o n  upon 
r o t a t i o n .  S in c e  no change  i n  s lo p e  a p p e a r s ,  i t  i s  to  be c o n c lu d e d  
t h a t  th e  c o n fo r m a t io n  does  n o t  change  i n  t h i s  s e r i e s  o f  compounds. 
E i t h e r  t h e  b i s e c t e d  c o n fo r m a t io n  i s  p r e f e r r e d  f o r  a l l  members, o r
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none o f  them e x i s t  in  th e  b is e c t e d  con form ation .
C y d o p r o p y l b e n z e n e  and th e  p a r a - m ethoxy d e r i v a t i v e  were bo th  
i n d i c a t e d  to  f a v o r  t h e  n o n - b l s e c t e d  c o n f o r m a t i o n . ^  One o f  th e  
s u p p o r t i n g  I n d i c a t i o n s  was t h a t  t h e  d i f f e r e n c e  i n  e n e rg y  between 
t h e  two i o n i z a t i o n s  a s s i g n e d  to  t h e  W alsh o r b i t a l s  r e m a in e d  n e a r l y  
c o n s t a n t ,  r e g a r d l e s s  o f  th e  a l k y l  s u b s t i t u e n t  a l s o  a t t a c h e d  to  th e  
c y c lo p r o p a n e  r i n g .
An a l t e r n a t i v e  e x p l a n a t i o n  i s  t h a t  b o th  W a ls h - ty p e  o r b i t a l s  o f  
t h e  c y c lo p r o p a n e  r i n g  a r e  e q u a l l y  e f f e c t i v e  i n  l o w e r in g  th e  Phg 
I P ,  c o m p le te ly  o b s c u r in g  a  change  i n  c o n fo r m a t io n .  The c o n fo r m a t io n  
may be d e p e n d e n t  on t h e  n a t u r e  o f  t h e  s u b s t i t u e n t .  However, i f  th e  
e g o r b i t a l  i s  e q u a l l y  e f f i c i e n t  i n  d e s t a b i l i z i n g  th e  Phg 
o r b i t a l  i n  t h e  n o n - b i s e c t e d  c o n f o r m a t io n ,  com pared to  th e  
d e s t a b i l i z a t i o n  o f  t h e  ft o r b i t a l  by th e  ea  o r b i t a l  i n  th e  b i s e c t e d  
c o n f o r m a t io n ,  th e n  a  change  i n  th e  s lo p e  would n o t  be o b s e rv e d .
The u l t r a v i o l e t  s t u d i e s  w i t h  s p i r o [ c y c l o p r o p a n e - 1 , 1 * - in d a n ]  and  
b e n z o b l c y d o [ 3 . 1 . 0 ] h e x a n e ,  t h e  IP s  o f  th e  b i c y c l i c  compounds 
s t u d i e d  h e r e ,  and th e  a l k e n y l i d e n e c y d o p r o p a n e  pes r e s u l t s  a r e  
c o n s i s t e n t  w i t h  t h i s  a l t e r n a t i v e .
Our r e s u l t s  f o r  t h e  s u b s t i t u t e d  c y c lo p r o p y lb e n z e n e s  do n o t  
e n a b le  us  to  s o lv e  t h i s  c o n f o r m a t io n a l  p ro b lem . Our r e s u l t s  f o r  th e  
e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s  a r e  c o n s i s t e n t  w i th  t h e  e a r l i e r  pes  
s t u d y .  The ft IP s  f o l l o w  t h e  e x p e c te d  t r e n d s  and th e  d i f f e r e n c e  i n  
t h e  W alsh o r b i t a l  I P s  r e m a in s  n e a r l y  c o n s t a n t .  However, th e  u l t r a ­
v i o l e t  s t u d i e s  and o u r  own pes  d a t a  on th e  b i c y c l i c  compounds a r e
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c o n s i s t e n t  w i t h  th e  f a c t  t h a t  th e  th e  e s  o r b i t a l  can  low er th e  
p h e n y l  I P s .
M o le c u la r  o r b i t a l  t h e o r y  has  been  used  to  make l o g i c a l  
e x t e n s i o n s  t o  th e  e x c i t e d  s t a t e  w i th  v a r y in g  d e g re e s  o f  s u c c e s s .^ 2  
A c c e p to r s  s h o u ld  f a v o r  t h e  b i s e c t e d  c o n fo r m a t io n  w hich  p r o v id e s  
f o r  b e t t e r  o v e r l a p  be tw een  th e  Phg and  t h e  ea  o r b i t a l s ,  w h i le  
d o n o r s  may f a v o r  t h e  n o n - b l s e c t e d  c o n fo r m a t io n .  The p h o to c h e m ic a l  
r e a c t i v i t y  d i f f e r e n c e s  f o r  donor  and  a c c e p t o r  s u b s t i t u t e d  c y c l o ­
p r o p y lb e n z e n e s  may be r e l a t e d  to  t h e  d i f f e r e n t  e f f e c t s  o f  th e  donor 
an d  th e  a c c e p t o r .  The key may l i e  In  t h e  W alsh o r b i t a l  IP s  w hich  
a r e  n o t  a s  w e l l - d e f i n e d  i n  t h e  s p e c t r a ,  no r  i s  t h e i r  a s s ig n m e n t  
o b v i o u s ,  s i n c e  th e y  l i e  v e ry  c l o s e  t o ,  and o v e r l a p  w i th  th e  cr 
f ram ew ork  i n  many exam ples*
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CHAPTER V II .  EXPERIMENTAL
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A rgon w ere  u sed  as  I n t e r n a l  c a l i b r a n t s .  The r e s o l u t i o n  was 20-30  
meV I n  a l l  c a s e s ,  a s  m easu red  a t  FWHM ( f u l l - w i d t h  a t  half-m axim um  
i n t e n s i t y )  on th e  Argon ^ 3 / 2  Bi g n a l  a t  1 5 . 76eV. V e r t i c a l  
a n d  a d i a b a t i c  I P s  a r e  r e p o r t e d  a s  th e  a v e ra g e  o f  a t  l e a s t  f i v e  
d e t e r m i n a t i o n s .
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o f  P r o f e s s o r  E. L. E l i e l  o f  th e  U n i v e r s i t y  o f  N o r th  C a r o l i n a ,  
C h a p e l  H i l l ,  N o r th  C a r o l i n a .
c )  t h e  4 - t e r t - b u t y l c y d o h e x a n o n e s  w ere o b t a i n e d  from  th e  
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o f  P r o f e s s o r  S. S e a r l e s ,  J r .  o f  th e  U n i v e r s i t y  o f  M is s o u r i ,  
C o lu m b ia ,  M is s o u r i .
e )  p h e n c y c l i d i n e  and i t s  a n a lo g s  were o b t a i n e d  from th e  
N a t i o n a l  I n s t i t u t e  on Drug A buse .
f )  t h e  e x o c y l i c  a l k e n e s  were o b t a i n e d  from th e  l a b o r a t o r i e s  of 
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g )  t h e  cumenes and c y c lo p r o p y lb e n z e n e s  were o b t a i n e d  from 
P r o f e s s o r  S .  S. H ixson  o f  t h e  U n i v e r s i t y  o f  M a s s a c h u s e t t s ,  
A m h e rs t ,  M a s s a c h u s e t t s .
C o m m erc ia l ly  a v a i l a b l e  sam p les  were a l s o  r e c o r d e d  fo r  
c o m p le te n e s s  and r e f e r e n c e  t o  p r e v i o u s  work.
PART I I .  THEORETICAL STUDIES OF QUINONES
CHAPTER V I I I .  QUINONES
INTRODUCTION
Q uinones  r e p r e s e n t  a  s p e c i a l  ty p e  o f  a , 8 - u n s a t u r a t e d  k e to n e s .  
As a  c l a s s  o f  compounds, they  a r e  among th e  o l d e s t  known and most 
i n t e r e s t i n g . * Q uinones  came t o  m a n 's  a t t e n t i o n  i n  two ways—  
a s  p ig m e n ts  and a s  d r u g s .
The q u in o n e  p ig m e n ts  a r e  p r o b a b ly  th e  l a r g e s t  c l a s s  o f  
n a t u r a l  c o l o r i n g  m a t t e r s ,  b u t  th e y  make r e l a t i v e l y  l i t t l e  
c o n t r i b u t i o n  to  n a t u r a l  c o l o r i n g .  They a r e  found  m a in ly  i n  th e  
b a r k  or u n d e rg ro u n d  p o r t i o n s  o f  p l a n t s  and i f  found  e l s e w h e r e ,  a re  
u s u a l l y  masked by o t h e r  p ig m e n ts .  Two p ig m en ts  w hich  s t a n d  o u t  a r e  
henna  and m adder. Henna i s  a  p a s t e  made from powdered l e a v e s  and 
h a s  been  u sed  s in c e  a n c i e n t  Egypt a s  a  c o s m e t ic  to  dye 
f i n g e r n a i l s ,  h a i r  and  b e a r d 6 ,  h a n d s ,  f e e t ,  and th e  manes o f  
h o r s e s .  Madder i s  p r e p a r e d  from  t h e  r o o t s  o f  c e r t a i n  p l a n t s  and 
c o n t a i n s  t h e  a n th r a q u in o n e ,  a l i z a r i n .  I t  has  been used  a s  a c l o t h  
d y e ,  a  f o o d s t u f f ,  a  d r u g ,  and a s  a  p r e v e n t a t i v e  a g a i n s t  
w i t c h c r a f t .  The s y n t h e s i s  o f  a l i z a r i n  and th e  dev e lo p m en t o f  a 
c o m m e rc ia l  p r o c e s s  i n  t h e  m id -1800s  a r e  m i l e s t o n e s  o f  o r g a n i c  
c h e m i s t r y . ^
Q uinones were e x p l o i t e d  by th e  C h in e se  a s  e a r l y  a s  2700 B.C. 
f o r  d ru g  p u r p o s e s . ^  More r e c e n t l y ,  many have been found  to  e x h i b i t  
s i g n i f i c a n t  a n t i f u n g a l ,  a n t i b i o t i c ,  a n t i m a l a r i a l ,  o r  a n t i t u m o r  
a c t i v i t y .  A d r iam y c in  and daunomycin a r e  two a n t h r a c y c l i n e  
a n t i b i o t i c s  e f f e c t i v e  i n  c a n c e r  chem o therapy  w h ich  have  been th e
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t a r g e t s  o f  s y n t h e s i s  u s in g  q u in o n e  c y c l o a d d l t i o n s . C y c l o -  
a d d i t i o n s  t o  p a r a -b e n z o q u in o n e s  have been th e  c o r n e r s t o n e s  o f  
s y n t h e s e s  o f  s t e r o i d s , ^  c o r t i s o n e , * ^  r e s e r p i n e ,  y o h im b in e ,  
e s t r o n e ,  t e r r a m y c i n , ** and  g i b b e r e l l i c  a c i d , * 2 - *3 among 
o t h e r s *  One o f  t h e  m ost c h a r a c t e r i s t i c  r e a c t i o n s  o f  q u ln o n e s  i s  
t h e i r  e a s e  o f  r e d u c t i o n  and  r e - o x i d a t l o n .  * Q u inones  a r e  known to  
p l a y  key  r o l e s  i n  p h o t o s y n t h e s i s * ^  an d  i n  t h e  r e s p i r a t o r y  e l e c t r o n  
t r a n s p o r t  c h a i n , *5 t h e  b i o s y n t h e s i s  o f  t e t r a c y c l i n e  
a n t i b i o t i c s * ®  and, o f  a f l a t o x i n s , *7 i n  t h e  m echanism  o f  b lood  
c l o t t i n g , * ®  i n  th e  d e f e n s e  m echanism s o f  v a r i o u s  i n s e c t s , * ^  
a n d  p o s s i b l y  in  t h e  a g in g  p r o c e s s . 20 The e a s e  w i t h  w hich  q u ln o n e s  
u n d e rg o  r e v e r s i b l e  r e d u c t i o n  t o  se m lq u in o n e s  and h y d ro q u ln o n e s  i s  
t h o u g h t  to  a c c o u n t  f o r  t h e i r  s p e c i a l  a b i l i t i e s  i n  many o f  t h e s e  
r o l e s . 2 ,2 1
T h is  work i s  a  r e p o r t  on two t h e o r e t i c a l  i n v e s t i g a t i o n s .  Non- 
b e n z e n o ld  a r o m a t i c s  have been s t u d i e d  I n t e n s i v e l y  i n  th e  l a s t  25 
y e a r s . 22 -2 6  j n  vi ew 0f  £he  abundance  o f  q u in o n e  c h e m i s t r y ,  i t  i s  
i r o n i c  t h a t  th e  f i r s t  q u in o n e  o f  a z u le n e  was n o t  p r e p a r e d  and 
c h a r a c t e r i z e d  u n t i l  1980 .27  we have i n v e s t i g a t e d  th e  p o s s i b l e  
q u ln o n e s  o f  a z u l e n e ,  v i a  t h e  MIND0/3 m e thod , to  a s s e s s  t h e i r  
r e l a t i v e  s t a b i l i t i e s  and r e a c t i v i t i e s . 28 we have a l s o  
s y s t e m a t i c a l l y  exam ined  t h e  I n f l u e n c e  o f  s u b s t i t u e n t s  upon th e  
s h a p e s  o f  th e  f r o n t i e r  m o le c u la r  o r b i t a l s  o f  b e n z o q u ln o n e s  and 
n a p h t h o q u i n o n e s ,29 o r d e r  t o  r a t i o n a l i z e  t h e  s i t e s  o f  r e a c t i o n  
o f  t h e s e  s p e c i e s  w i t h  n u c l e o p h i l e s .
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THE QUINONES OF AZULENE
The q u ln o n e s  o f  a z u l e n e ,  o r  a z u lo q u l n o n e s ,  H e  a t  th e  c r o s s ­
r o a d s  o f  s e v e r a l  d i f f e r e n t  a v e n u e s  o f  i n t e r e s t  and I n t e n s e  r e s e a r c h .  
The l a s t  25 y e a r s  have  w i t n e s s e d  a  t rem endous  g row th  In  t h e  amount 
o f  I n f o r m a t io n  c o n c e r n in g  n o n -b e n z e n o id  h y d r o c a r b o n s ,22 -2 6  i . e . 
compounds w h ich  d i s p l a y  a r o m a t i c  c h a r a c t e r  d e s p i t e  t h e  a b s e n c e  o f  
benzene  r i n g s .  The p a r e n t  h y d ro c a rb o n  o f  t h e  a z u lo q u l n o n e s ,  
a z u l e n e ,  was an  e a r l y  member o f  t h i s  g roup  o f  com p o u n d s .^2 
A zu le n e  a l s o  r e p r e s e n t s  a  s p e c i a l  c l a s s  o f  fu s e d  b i c y c l i c  compounds 
I n  w h ich  b o th  r i n g s  c o m p r ise  a  n o n -b e n z e n o id  c y c le  o f  p o r b i t a l s .
The f a c t  t h a t  a z u lo q u ln o n e s  would be I s o m e r i c  w i t h  t h e  n a p h th o ­
q u in o n e s  i n c r e a s e s  t h e  i n t e r e s t  i n  t h e s e  compounds. W hile  no 
a z u lo q u l n o n e s  have been i s o l a t e d  a s  n a t u r a l  p r o d u c t s , ^  i t  i s  
s u r p r i s i n g  t h a t  n o t  a s i n g l e  member o f  t h i s  group  o f  compounds had 
b e e n  p r e p a r e d  and  c h a r a c t e r i z e d  p r i o r  to  1 9 8 0 .^ 7
Compared to  t h e  t e n  p o s s i b l e  n a p h th o q u in o n e  s t r u c t u r e s ,  t h e r e  
a r e  s i x t e e n  p o t e n t i a l  a z u lo q u l n o n e s ,  e a c h  o f  w hich  we have g iv e n  
a b b r e v i a t e d  names f o r  e a s i e r  r e f e r e n c e ,  e . g .  12-AQ f o r  1 , 2 -  
a z u l o q u i n o n e , F i g u r e s  1 and  2 .  T h e re  a r e  some n a p h th o q u in o n e s  and 
a z u lo q u l n o n e s  f o r  w h ich  no b i c y c l i c  K ekule  s t r u c t u r e  can  be draw n, 
i . e .  " n o n - c l a s s i c a l  q u ln o n e s "  ( c f .  m e ta - b e n z o q u in o n e ) .  W hile 
c a l c u l a t i o n s  on some o f  t h e  c l a s s i c a l  b e n z o q u in o n e s  (BQs) and 
n a p h th o q u in o n e s  (NQs) have  been c a r r i e d  o u t  u s in g  an  SCF-LCAO 
p r o g r a m ,30-32  we a r e  unaw are  o f  any s y s t e m a t i c ,  c o m p re h e n s iv e
Naphthalene 12-NO 14-NO 15-NO
1 7 - NO
CCC XXX
2 3 - N O 2 6 - NO
P. 0
1 3 - NO 1 6 - N O 1 8 - N O
' 00'
2 7 - N O
F i g u r e  1 .  N a p h t h a l e n e  a n d  t h e  N a p h t h o q u i n o n e s  ( N Q s ) .  G e o m e t r i e s  
s h o w n  a r e  t h o s e  o b t a i n e d  b y  MINDO/3 o p t i m i z a t i o n s .
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I —7
5 30 i  5
Azulene tl)
- £ 0
12 *AQ
0
14-AQ 15-AQ
t o *  t o
16* AO 17-AQ I6 -A 0
0 :
24  -AO
26*  AO 45-AG
: j) o=<
13-AQ 2 5 -AO
4 7 -AO
<o
S6-A 0
0
F i g u r e  2 ,  A z u l e n e  a n d  t h e  A z u l o q u l n o n e s  ( A Q s ) ,  G e o m e t r i e s  
s h o w n  a r e  t h o s e  o b t a i n e d  b y  MINDO/ 3  
o p t i m i z a t i o n s .
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c a l c u l a t i o n s  on th e s e  two g ro u p s  w h ich  would p ro v id e  a  b a s i s  fo r  
d i r e c t  c o m p a riso n  to  th e  a z u lo q u ln o n e s .  T h e r e f o r e ,  we have 
c a l c u l a t e d ,  u s in g  th e  MINDO/3 p ro g ram , th e  e n e r g i e s  and o p tim iz e d  
g e o m e tr ie s  o f  a l l  th e  b e n z o q u in o n e s , n a p h th o q u in o n e s , and 
a z u lo q u ln o n e s ,  in c lu d in g  th e  n o n - c l a s s i c a l  s t r u c t u r e s .
The MINDO/3 p rog ram  h as  been  shown to  p ro v id e  r e a s o n a b ly  
r e l i a b l e  h e a t s  o f  f o rm a tio n  o f  C, H, N, 0  m o le c u le s .3 3 -34  DeSp i.te  
i t s  te n d e n c y  to  p ro v id e  CH an d  CC bond l e n g th s  w h ich  a r e  0 .0 1 -  
0 .0 1 5  & to o  lo n g , th e  p rog ram  h a s  a  f a i r l y  a c c u r a t e ,  r a p id  m ethod 
f o r  g eo m etry  o p t im iz a t io n .  The b en zo q u in o n e  and  n a p h th o q u in o n e  and 
r e s u l t s  p ro v id e  an  im m ed ia te  l i n k  to  e x p e r im e n ta l  d a ta  and s e rv e  
a s  a  g u id e  i n  d e te r m in in g  th e  v a l i d i t y  o f  th e  a z u lo q u in o n e  
c a l c u l a t i o n s .  ST0-3G c a l c u l a t i o n s ^  u s in g  th e  MINDO/3 o p tim iz e d  
g e o m e tr ie s  w ere a l s o  c a r r i e d  o u t  on s e l e c t e d  s p e c ie s  to  t e s t  th e  
MINDO/3 t r e n d s .
The a z u lo q u ln o n e s  a r e  an  a t t r a c t i v e  t e s t i n g  g round  f o r  
t h e o r i e s  o f  s t r u c t u r e ,  b o n d in g , and r e a c t i v i t y .  The abundance  o f  
is o m e rs  w i l l  p e rm it  e x te n s iv e  c o m p a riso n s  to  be m ade. I t  i s  
w e ll-k n o w n  t h a t  c a l c u l a t i o n s  g e n e r a l l y  p ro v e  to  be more s u c c e s s f u l  
i n  p r e d i c t i n g  d i f f e r e n c e s  betw een  s im i l a r  com pounds, r a t h e r  th a n  
a b s o lu t e  q u a n t i t i e s .  I t  i s  q u i t e  p ro b a b le  t h a t  some members w i l l  
e x h i b i t  s l m i l i a r  p r o p e r t i e s ,  th u s  p r e s e n t in g  a  dem anding c h a l le n g e  
t o  th e  t h e o r e t i c a l  m odel.
I n  s e v e r a l  o f  th e  q u ln o n e s ,  th e  o p t im iz e d  g e o m e tr ie s  were 
s i g n i f i c a n t l y  n o n - p la n a r .  T hese  s t r u c t u r e s  a r e  shown i n  F ig u re  3 .
2 3 -  NO
4 5 - AQ
18-AQ 2 4 - AO
F i g u r e  3 f ORTEP P l o t s  o f  t h e  Q u i n o n e s  P r e d i c t e d  t o  b e  N o n p l a n a r ,
9*
?T
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A m a jo r  s o u rc e  o f  n o n - p la n a r i ty  i s  th e  r e l i e f  o f  e c l i p s i n g  t h a t  can 
o c c u r  w i th  1 ,2 - d ik e t o n e s .  T h u s , 23-NQ, 45-AQ, and 56-AQ a r e  
s i g n i f i c a n t l y  n o n - p la n a r .  A s l i g h t  n o n - p la n a r i ty  i n  18-AQ a l s o  
r e l i e v e s  p e r i  i n t e r a c t i o n s  betw een  th e  two oxygen a to m s . F i n a l l y ,  
th e  n o n - c l a s s i c a l  25-AQ i s  n o t  an  e n e rg y  minimum, b u t c o l l a p s e s  to  
a  h ig h ly  s t r a i n e d  c y c lo p ro p a n o n e . T h is  s p e c ie s  i s  p a r t l y  
s t a b i l i z e d  due to  fo rm a tio n  o f  an  a ro m a tic  ( t r o p o n e )  r i n g  upon 
c y c l l z a t i o n ,  a  c o u rs e  n o t  a v a i l a b l e  to  th e  o th e r  n o n - c l a s s i c a l  
q u ln o n e s .
MINDO/3 h a s  a  te n d e n c y  to  p ro d u ce  bond a l t e r n a t i o n  i n  a ro m a tic  
s y s te m s , b a se d  on th e  r e s u l t s  f o r  n a p h th a le n e  and a z u le n e ,  a s  shown 
be lo w .
1.36 1.45
1.39  I .4 S  _
1.42}(1.37
1.43
(1.41)
1.46
(1.42)
The n a p h th o q u in o n e s  and a z u lo q u ln o n e s  a r e  a l l  p r e d i c te d  to  show 
s t r o n g  bond a l t e r n a t i o n ,  i n  a g reem en t w i th  e x p e r im e n ta l  d a ta  on 
known q u ln o n e s . ^ 6  The fo rm a l d o u b le  bonds a l l  have l e n g th s  o f  
1 .3 5 - 1 .4 0  A, e x c e p t  when th e  d o u b le  bond fo rm s th e  b r id g e ,  i . e .  
C -4 a  to  C - 8 a in  12-NQ an d  14-NQ o r  C -3a to  C -8 a  i n  th e  a z u lo ­
q u ln o n e s .  The C-C s in g l e  bond l e n g th s  a r e  a l l  1 .4 5 - 1 .5 5  A, th e  
C-C(O ) bonds a r e  1 .4 8 - 1 .5 4  A, th e  C (0 ) -C (0 )  bonds a r e  1 .5 3 - 1 .5 5  A,
O
and  th e  CO d o u b le  bonds a r e  1 .2 0 -1 .2 1  A. In  e v e ry  c a s e ,  f o r  b o th
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s e t s  o f  q u ln o n e s ,  th e  bond s h a re d  by th e  two r i n g s  I s  lo n g e r  
th a n  n o rm a l, w h e th e r  I t  I s  a  s in g l e  bond o r  a  d o u b le  bond* We 
I n t e r p r e t  th e s e  d a ta  t o  Im ply  t h a t  v ,u I n t e r a c t i o n  a lo n g  th e  
c e n t r a l  bond I s  n o t  p a r t i c u l a r l y  f a v o r a b le  ( c f .  a z u le n e ^ ? ) .  As 
s t a t e d  b e f o r e ,  MINDO/3 d o e s  have  a  te n d e n c y  to  o v e r e s t im a te  such  
bond l e n g t h s .
The h e a ts  o f  fo rm a tio n  and MXNDO/3 o r b i t a l  e n e r g i e s  f o r  a l l  
t h e  q u in o n e 6  a r e  g iv e n  In  T a b le s  1 , 2 , and 3 . From th e s e  d a t a ,  
r e l a t i v e  t r e n d s  f o r  p h y s ic a l  and  c h e m ic a l p r o p e r t i e s  can  be 
p r e d i c t e d .  The MINDO/3 h e a ts  o f  fo rm a tio n  (AHj) a l lo w  th e  
a z u lo q u ln o n e s  to  be ra n k e d  f rom th e  lo w e s t (m ost s t a b l e )  to  th e  
h i g h e s t  ( l e a s t  s t a b l e )  a s  f o l lo w s :
15 < 17 < [ 1 4 ,1 6 ,1 8 ,1 2 ]  < [ 2 4 , 26 ]  < [ 45 , 47 ]  < 56
The a z u lo q u ln o n e s  w h ich  c o n ta in  a  tro p o n e  r i n g  (15-AQ and 17-AQ) 
a r e  more s t a b l e  th a n  th o s e  w h ich  c o n ta in  a  c y c lo p e n ta d ie n o n e  r in g  
(24-AQ and  26-A Q ). Those w h ich  c o n ta in  b o th  ty p e s  o f an n u le n o n e  
r i n g s  (14-A Q , 16-AQ, and 18-AQ) have I n te r m e d ia te  s t a b i l i t i e s .  The 
n o n - c l a s s i c a l  a z u lo q u ln o n e s  a r e  p r e d i c te d  to  be much l e s s  s t a b l e .
The r a n g e  o f  s t a b i l i t i e s  i s  r a t h e r  l a r g e  and i t  i s  i n t e r e s t i n g  to  
n o te  t h a t  a l l  th e  l,n -A Q s have ANf<0, w h ereas  a l l  th e  m,n-AQs 
(m j* 1 ) hav e  AHf>0.
C a lc u la te d  MINDO/3 h e a t s  o f  fo rm a tio n  a r e  i n  a d e q u a te  a g re e ­
m ent w i th  e x p e r im e n ta l  r e s u l t s  f o r  14-BQ^® ( Z U ^ P t l  -  - 2 9 .3
Table 1* R e su lts  o f  C a lc u la tio n s  on the Benzoqulnones.
HOMO/
&Hf  LUMO HOMO LUMO gap
MINDO/3 MINDO/3 MINDO/3 MINDO/3
Compound (k ca1 /m o le ) (eV) (eV) (eV)
" C l a s s i c a l ”
12-BQ - 3 5 .5  - 9 .8 3  - 0 .9 4  8 .8 9
14-BQ - 4 0 .8  -1 0 .9 1  -1 .0 3  9 .8 8
" N o n c la s s lc a l"
13-BQ + 10 .4  -8 .5 9  - 2 .7 9  5 .8 0
f t B a s i a a a B f l n a a a B a a a B a B n a a B q i a a a H i i a n B 9 B m B a a B B i i B B S D t 9 t ) a i B B a a s i a a a a a B a a s B a Q 3 a a s s B n 3 i a B D B q 3 i i D a
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Table 2 . R e su lts  o f  C a lc u la tio n s  on the Naphthoquinones*
Compound
Attf
MIND0/3
(k c a l/m o le )
LUMO
MIND0/3
(eV)
HOMO
M1ND0/3
(eV)
HOMO/ 
LUMO gap 
MIND0/3 
(eV)
" C l a s s i c a l ”
12-NQ -1 6 .9 - 8 .9 3 -0 .7 7 8 .1 6
14-NQ - 2 2 .7 -9 .2 6 - 0 .8 0 8 .46
15-NQ - 9 .4 -8 .9 3 -1 .2 6 7.67
17-NQ - 7 .3 -8 .9 6 -1 .3 2 7 .64
23-NQ - 0 .4 -8 .5 5 -1 .2 6 7 .2 9
26-NQ - 7 .1 -9 .4 2 -1 .4 1 8 . 0 1
nuBBHBasBaBaB aaaaBBKBBBnacmtsaaaaanqnnBBBiiaBBBaBBBBBBBBBBBBBBBBabBHBBBBBBBBBBaaBBBB
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Table 2. (co n tin u ed )
AHf  LUMO
MINDO/3 M1ND0/3
Compound (k c a l /m o le )  (eV)
" N o n c la s s lc a l"
13-NQ + 2 7 .0  -8 .1 1
16-NQ + 29 .5  -7 .7 5
18-NQ + 25 .3  -7 .8 4
27-NQ3 ----- -----
a a s a s s a a s a a s Q s n s s & a a a a a s s s s n o a e i a B a a a a a B S Q B S s :
a )  T h is  qu inone I s  n o t an energy  minimum.
HOMO
MINDO/3
(eV)
- 2 .5 6
-2 .7 6
-2 .4 9
HOMO/ 
LUMO gap 
MINDO/3 
(eV)
5 .5 5
4 .99
5 .35
laaBQaaaaattsaaosoB
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T able 3 . R e su lts  o f C a lc u la tio n s  on the A zuloquinones.
HOMO/
AHf LUMO HOMO LUMO gap
MINDO/3 MINDO/3 MINDO/3 MINDO/3
Compound ( k c a l /m o le )  (eV) (eV) (eV)
" C l a s s i c a l ”
12-AQ - 0 .4 -8 .4 1 -0 .  70 7 .72
14-AQ - 0 . 8 - 8 .8 0 -1 .0 3 7 .77
15-AQ - 6 .4 -9 .2 7 - 0 .6 3 8 .6 4
16-AQ - 0 . 6 -8 .8 7 - 1 .1 7 7 .70
17-AQ - 5 .3 -9 .0 1 - 0 . 6 6 8 .3 5
18-AQa + 8 .9 -9 .0 1 -0 .9 4 8 .0 6
24-AQ + 4 .7 - 8 .9 4 -1 .1 6 7 .78
26-AQ + 4 .7 - 9 .1 8 - 1 .2 8 7 .91
45-AQa + 7 .0 - 8 .8 2 - 0 .9 5 7 .8 6
47-AQ + 7 .2 - 9 .4 0 - 1 .1 6 8 .2 3
56-AQa + 9 .5 -8 .7 4 - 0 .9 6 7 .7 8
i s s a s s s s s s = M = = = = a = = S = = M  =  =  = _===____=_==i_____ = = = = = H =  =  =  a = = = = : 152
T able 3 . (co n tin u ed )
HOMO/
AHf  LUMO HOMO LUMO gap
MINDO/3 MINDO/3 MINDO/3 MINDO/3
Compound (k c a l /m o le )  (eV) (eV ) (eV)
" N o n c la s s lc a l"
13-AQ + 14 .2 -7 .9 1 -1 .7 5 6 .1 6
25-AQb ----- ----- ----- -----
46-AQ + 56 .8 - 8 . 0 2 -2 .8 2 5 .20
48-AQ + 54.1 -7 .9 3 -2 .9 4 4 .99
57-AQ + 5 0 .5 -7 .8 8 - 2 .6 0 5 .2 8
B a H b a B a B B a B a q s n a B B t t A a a s B a o D B e t ^ q a s B B a a q a B D B a a t t a B B B B B B B q s a a a B t M i B a B i s a B B q s s B B B B i i O t t a a B a a
a )  N o n -p lan a r geom etry  a f t e r  o p t im iz a t io n ;  some o r b i t a l s  ou t o f  p lan e  by 0 .1 - 0 .3 ^ .
b ) T h is  qu inone i s  n o t an en erg y  minimum, b u t c o l l a p s e s  to  t r i c y c l o [ 5 . 3 . 0 . 0®»1 0 ]-  
d e c a - l , 4 ,6 - t r i e n - 3 ,9 - d i o n e  on o p t im iz a t io n .
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k c a l /m o le ,  c f .  T a b le  1) and  14-NQ^® (AHe x Pc i  -  - 2 6 .5  k c a l /
f
m o le , c f .  T ab le  2 ) .  The l a r g e  n e g a t iv e  AHf f o r  14-NQ (an d  12-NQ) 
u n d o u b te d ly  r e f l e c t s  th e  s t a b i l i t y  d e r iv e d  from  th e  i n t a c t  benzene 
r i n g  p r e s e n t  in  th e  q u in o n e . Of th e  " e x te n d e d "  n a p h th o q u in o n e s , 
26-NQ h a s  been  known f o r  many y e a r s . ^9 j ^ e  p a r e n t  15-NQ h a s  
r e s i s t e d  c h a r a c t e r i z a t i o n ,  a l th o u g h  th e  3 , 7 - d i - t e r t - b u ty l  
d e r i v a t i v e  h a s  been  r e p o r t e d . T h e  r e a c t i v i t i e s  o f  th e  known 
n a p h th o q u in o n e s  c o r r e l a t e  ro u g h ly  w ith  t h e i r  MINDO/3 h e a t s  o f  
f o r m a t io n ,  w h ich  ra n g e  from  - 2 2 .7  to  - 7 . 1  k c a l /m o le .  The a z u lo -  
q u in o n e s  p r e d i c t e d  to  be m ost s t a b l e  l i e  j u s t  below  t h i s  ran g e  ( c f .  
T a b le  3 ) ,  a l th o u g h  d i r e c t  c o m p a riso n s  o f  AHj. v a lu e s  may be 
m is le a d in g .  H uckel c a l c u l a t i o n s  on th e s e  n a p h th o q u in o n e s  and 
a z u lo q u in o n e s  a re  c o n s i s t e n t  w ith  th e  MINDO/3 r e s u l t s .
Ab i n i t i o  ST0-3G c a l c u l a t i o n s  w ere p e rfo rm ed  on th r e e  o f  th e  
q u ln o n e s  u s in g  th e  MINDO/3 o p t im iz e d  g e o m e tr ie s  a s  an  a d d i t i o n a l  
c h e c k  on th e  v a l i d i t y  o f  th e  MINDO/3 r e s u l t s .  R e l a t i v e  e n e r g ie s  
by ST0-3G f o r  26-NQ, 15-AQ, and 26-AQ a r e  0 , + 9 .7 ,  and + 2 0 .8  
k c a l /m o le ,  r e s p e c t i v e l y .  MINDO/3 p r e d i c t s  th e  same o r d e r ,  a l th o u g h  
a  s m a l le r  r a n g e ,  w i th  AHf “  0 , + 0 .7 ,  and + 1 1 .8  k c a l /m o le .
A c c o rd in g  to  f r o n t i e r  m o le c u la r  o r b i t a l  t h e o r y ,4 1 -4 2  c jie 
two im p o r ta n t  q u a n t i t i e s  u se d  in  th e  r a t i o n a l i z a t i o n  o f  r e a c t i v i t y  
a r e  th e  HOMO an d  LUMO e n e r g i e s .  U sing  K oopm ans* t h e o r e m ,^  t he 
n e g a t iv e  o f  th e  HOMO e n e rg y  i s  e q u a l to  th e  i o n i z a t i o n  p o t e n t i a l ,  
w h ic h  p ro v id e s  a  m easu re  o f  r e a c t i v i t y  to w a rd s  e l e c t r o p h l l e s .  The 
f i r s t  IF  (HOMO) f o r  a l l  th e  a z u lo q u in o n e s  i s  c a l c u l a t e d  to  a r i s e
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f r om a  tt o r b i t a l ,  w h ich  l i e s  h ig h e r  th a n  th e  n o n -b o n d in g  o r b i t a l s  
o f  th e  oxygen a to m s. The f i r s t  IP s  f a l l  i n  th e  ra n g e  o f  S . 41 eV 
t o  9 .4 0  eV f o r  th e  a z u lo q u in o n e s  and a  n e a r ly  i d e n t i c a l  ra n g e  fo r  
t h e  n a p h th o q u in o n e s . F o r c o m p a r iso n , th e  n IP o f  14-BQ i s  
c a l c u l a t e d  to  o c c u r  a t  1 0 .9 1  eV , i n  e x c e l l e n t  a g re e m e n t w ith  th e  
o b s e rv e d  IP  a t  1 0 .9 3  e V , ^  by p h o to e le c t r o n  s p e c t r o s c o p y .
The a z u lo q u in o n e s  c a n  be ra n k e d  a c c o rd in g  to  t h e i r  HOMO e n e r g i e s  
( T a b le  I I I ) ,  w i th  th e  h ig h e s t  HOMO e n e rg y  c o r re s p o n d in g  to  th e  
l e a s t  r e a c t i v i t y  to w ard  e l e c t r o p h i l e 6 , a s  fo l lo w s :
47 > 15 > [1 7 ,1 8 ]  > 24 > [ 1 6 ,4 5 ,1 4 ,5 6 ]  > 12
W ith  th e  e x c e p t io n  o f  47-AQ, th e  th e rm o d y n a m ic a lly  m ost s t a b l e  
a z u lo q u in o n e s  (15-AQ and  17-AQ) have  th e  h ig h e s t  HOMO e n e r g i e s ,  
an d  sh o u ld  be l e a s t  r e a c t i v e  w ith  e l e c t r o p h i l e s .  The r e a c t i o n s  
o f  d iazo n iu m  s a l t 6  w i th  b e n z o q u in o n e s  and n a p h th o q u in o n e s  have 
b een  s tu d i e d ,  g e n e r a l l y  w ith  poor to  m o d era te  y i e l d s .
The n e g a t iv e  o f  th e  LUMO e n e rg y  i s  e q u a l to  th e  e l e c t r o n  
a f f i n i t y , ^  w h ich  p r o v id e s  a  m easu re  o f  r e a c t i v i t y  to w a rd s  
n u c l e o p h i l e s .  MINDO/3 i n d i c a t e s  t h a t  th e  m ost s t a b l e  a z u lo ­
q u in o n e s  (15-A Q , 17-AQ, and 12-AQ) have th e  h ig h e s t  LUMO e n e r g i e s  
(T a b le  3 ) ,  i . e .  th e y  sh o u ld  be th e  l e a s t  r e a c t i v e  tow ard  
n u c l e o p h i l e s .  The c o m p le te  r a n k in g  i s  a s  f o l lo w s :
[ 1 5 ,1 7 ,1 2 ]  > [1 8 ,4 5 ,5 6 ]  > 14 > [ 4 7 ,2 4 ,1 6 ]  > 26.
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The ST0-3G c a l c u l a t i o n s  on s e l e c t e d  q u ln o n e s  r e f e r r e d  to  e a r l i e r  
g iv e  th e  same o r d e r  o f  LUMO e n e r g i e s  a s  MINDO/3. P r io r  t h e o r e t i c a l  
w ork  on q u ln o n e s 4 ®- 4 2  h a s  shown t h a t  e le c t r o c h e m ic a l  r e d u c t io n  
p o t e n t i a l s  and th e  a b i l i t y  to  form  c h a r g e - t r a n s f e r  com p lexes b o th  
c o r r e l a t e  w i th  th e  e l e c t r o n  a f f i n i t i e s *  The q u ln o n e s  w ith  th e  
h i g h e s t  LUMO a r e  th e  h a r d e s t  to  re d u c e  and form  th e  l e a s t  s t a b l e  
c h a r g e - t r a n s f e r  com plexes*  On an  a b s o lu t e  s c a l e ,  th e  a z u lo ­
q u in o n e s  (E^omo “  ~0*63 to  - 1 .2 8  eV) a r e  p r e d i c te d  to  be 
h a r d e r  to  re d u c e  th a n  th e  e x te n d e d  n a p h th o q u in o n e s  (E y jjjo  =
- 1 .2 6  to  - 1 .4 1  eV) .  12-BQ an d  14-BQ45 (E lumo -  - 1 .0  eV) f a l l  
i n  th e  m id d le  o f  th e  a z u lo q u in o n e  range*  From th e  r e p o r te d  
r e d u c t io n  p o t e n t i a l s  f o r  14-BQ a n d  26-NQ, we p r e d i c t  t h a t  a l l  th e  
a z u lo q u in o n e s  sh o u ld  have r e d u c t io n  p o t e n t i a l s  below  0 . 8  V. [The 
s o l e  a z u lo q u in o n e  w h ich  has been  c h a r a c t e r i z e d  (12-AQ) h a s  a  ~  
r e d u c t io n  p o t e n t i a l  o f  - 0 .5 5  V ( v s .  SCE) i n  a c e t o n i t r i l e . 2 2 ]
N u c le o p h i l ic  a d d i t i o n s  c o m p rise  th e  m ajor known r e a c t i o n s  o f  
q u ln o n e s .4 ® As w ith  many o th e r  e l e c t r o n - d e f i c i e n t  r  s y s te m s , 
q u ln o n e s  a r e  s u s c e p t ib l e  to  M ich ae l a d d i t i o n s .  In  m o le c u la r  o r b i t a l  
t e r m in o lo g y ,  t h i s  in v o lv e s  an I n t e r a c t i o n  betw een  th e  HOMO o f  th e  
n u c le o p h i le  and th e  LUMO o f  th e  a c c e p to r  ( q u ln o n e ) .  In  th e  a b sen c e  
o f  o th e r  f a c t o r s ,  th e  c l o s e r  t h e s e  two o r b i t a l s  l i e  i n  e n e rg y , th e  
f a s t e r  th e  r e a c t i o n  sh o u ld  b e . I t  f o l lo w s  t h a t  th e  r e a c t i v i t y  o f  
th e  a z u lo q u in o n e s  sh o u ld  c o r r e l a t e  w i th  t h e i r  LUMO e n e r g i e s ,  w i th  
th o s e  h a v in g  th e  h ig h e s t  LUMO e n e rg y  b e in g  l e a s t  s u s c e p t ib l e  to  
M ic h a e l a d d i t i o n s .  T h u s , 15-AQ an d  17-AQ a r e  a g a in  e x p e c te d  to  be
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l e a s t  r e a c t i v e .  The a z u lo q u in o n e s  sh o u ld  a l l  be le sB  r e a c t i v e  th an  
th e  e x te n d e d  n a p h th o q u in o n e s .
N u d e o p h i l l c  a t t a c k  on a  q u ln o n e , o r  an y  e l e c t r o n - d e f i c i e n t  
m o le c u le , s h o u ld  be f a v o re d  a t  th e  atom  w h ich  h a s  th e  l a r g e s t  LUMO
p r e d i c t  th e  s i t e s  o f  r e a c t i o n  by n u c le o p h i le s  w i th  s u b s t i t u t e d
th e  a z u lo q u in o n e s ,  a s  o b ta in e d  from  th e  MINDO/3 c a l c u l a t i o n s ,  a re  
g iv e n  i n  T a b le  4 . F o r 26-AQ, a t t a c k  sh o u ld  o c c u r  In  th e  1 p o s i t i o n ,  
a s  shown below .
T h is  e x e m p l i f ie s  a  f e a t u r e  o f  th e  a z u lo q u in o n e s  n o t  s h a re d  by 
b e n z e n o ld  q u ln o n e s ,  v i z . ,  n u d e o p h i l l c  a d d i t i o n  can  le a d  to  an 
a n io n i c  i n te r m e d ia t e  in  w h ich  th e  c h a rg e  i s  d e lo c a l i z e d  o v e r  b o th  
oxygen  a to m s . F o r th e  l ,n - a z u lo q u ln o n e s  ( c o n ta in in g  a  tro p o n e  
u n i t ) ,  MINDO/3 p r e d i c t s  a  p r e f e r e n t i a l  a t t a c k  a t  th e  r i n g  j u n c t io n .
E le c t r o n - d o n a t in g  s u b s t i t u e n t s  on th e  e l c t r o n - d e f i c l e n t  
a z u lo q u in o n e s  sh o u ld  r a i s e  th e  LUMO e n e rg y ,  b e in g  m ost e f f e c t i v e  
when added  to  th e  s l t e ( s )  w i th  th e  l a r g e s t  c o e f f i c i e n t . 4 1 -4 2  s in c e  
t h e s e  p o s i t i o n s  a r e  a l s o  th e  l o c a t i o n s  p r e d i c te d  f o r  n u d e o p h i l l c  
a t t a c k ,  th e  s u b s t i t u e n t s  c o u ld  Impede M ich ae l a d d i t i o n s ,  b o th  
s t e r l c a l l y  and  by r a i s i n g  th e  LUMO e n e rg y .  F o r e x a m p le , MINDO/3
c o e f f i c i e n t . 33-34  y e  have shown t h a t  LUMO c o e f f i c i e n t s  c o r r e c t l y
b e n z o q u ln o n e s  and n a p h th o q u in o n e s .^9 The LUMO c o e f f i c i e n t s  f o r  th e
Table 4 . C a lcu la ted  LUMO C o e f f ic le n ta  o f  the Azuloquinones in  F igure 3 (MINDO/3).
Compound C - l  C-2 C-3 C-3a C-4 C-5 C- 6  C-7 C- 8  C -8 a  0 -1  0 -2
12-AQ 0 .2 8 0 . 2 2 0 .1 5 -0 .2 5
" C la s s i c a l "  
-0 .3 8  0 .3 3 0 .3 4 -0 .3 6 - 0 . 2 2 0 .3 3 -0 .2 7 - 0 . 2 1
14-AQ 0 .2 9 0 .2 9 -0 .2 8 -0 .4 8 - 0 . 1 2 -0 .2 5 - 0 . 0 2 -0 .3 6 0 .17 0 .4 4 -0 .2 8 - 0 . 1 1
15-AQ 0 .3 3 0. 25 -0 .3 3 -0 .2 3 0 .0 8 0 .2 8 0 .3 4 -0 .3 5 - 0 .2 8 0 .3 6 -0 .2 9 -0 .2 4
16-AQ 0. 29 0.31 - 0 . 28 -0 .4 7 0 .13 -0 .3 4 0 . 0 1 -0 .3 2 0 . 1 1 0 .4 4 -0 .2 9 - 0 . 0 1
17-AQ 0. 25 0 .37 -0 .  34 -0 .4 1 0. 34 0 .3 4 -0 .3 7 - 0 . 2 2 0 .0 3 0 . 1 2 - 0 . 2 2 0 .1 9
18-AQ3 0 .2 8 0.31 -0 . 25 -0 .4 5 -0 .1 9 0 .37 0 .3 8 -0 .2 3 0 .0 8 0 .46 -0 .2 8 -0 .0 8
24-AQ 0 .3 7 0 .3 0 0 .37 -0 .2 7 -0 .2 3 -0 .2 4 0 .24 0 .2 8 -0 .2 6 -0 .3 2 -0 .3 0 -0 .2 4
26-AQ 0 .3 8 0 .3 0 0. 38 -0 .3 1 -0 .2 3 0 .25 0 .23 0. 25 -0 .2 3 -0 .3 1 -0 .3 0 -0 .2 3
45-AQ8 0 .3 3 -0 .2 7 -0 .3 9 0 .2 7 0 .1 6 - 0 . 1 2 0. 33 -0 .2 4 -0 .4 3 0 .3 3 - 0 . 1 1 -0 .0 5
47-AQ 0 .3 3 -0 .2 5 -0 .4 2 0 .2 5 0 . 2 2 0 .2 3 - 0 . 2 0 -0 .2 9 -0 .3 8 0 .3 2 - 0 . 2 2 -0 .2 8
56-AQ8 0 .4 2 0 .2 8 -0 .3 4 -0 .3 1 0 . 43 0 .1 9 0 . 1 2 0 .24 - 0 . 2 1 -0 .3 1 -0 .1 3 -0 .0 5
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T able 4 . (co n tin u ed )
Compound C -l C-2 C-3 ' C -3a C-4 C-5 C- 6  C-7 C- 8  C -8 a 0 -1  0 -2
’N o n c la s s ic a l"
13-AQ 0 .0 9 0 . 0 1 -0 .0 9 -0 .4 2 -0 .2 3 0 .5 0 - 0 . 0 1 -0 .5 0 0 .24 0 .41 - 0 . 1 2 0 . 1 2
46-AQ 0 . 2 0 -0 .2 9 -0 .3 9 0 .0 9 0 . 1 0 0 .27 - 0 . 0 2 -0 .5 4 - 0 . 1 0 0 .5 5 -0 .1 5 0 .07
48-AQ 0 .2 8 -0 .0 4 -0 .3 2 - 0 . 1 1 0 . 1 0 0 .5 8 - 0 . 0 2 -0 .6 1 0 .0 8 0 . 2 1 -0 .1 7 -0 .1 4
57-AQ 0 .5 7 0 . 0 0 -0 .5 6 0 . 0 1 -0 .3 9 -0 .0 9 0 . 0 0 -0 .0 9 -0 .3 9 - 0 . 0 1 -0 .1 4 -0 .1 4
a )  N onplanar geom etry  a f t e r  o p t im iz a t io n ;  pz c o e f f i c i e n t  tak en  p e rp e n d ic u la r  to  th e  ap p ro x im ate  p lane  
o f  th e  m o lecu le .
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p r e d i c t s  t h a t  donor s u b s t i t u e n t s  on th e  c y c lo p e n ta d le n o n e  r in g  o f
24-AQ and  26-AQ s h o u ld  be m ost e f f e c t i v e  In  p r o t e c t i n g  th e s e  
q u ln o n e s  from  n u d e o p h i l l c  a t ta c k *  The e f f e c t  o f  donor s u b s t i t u e n t s  
s h o u ld  a l s o  be e v id e n t  in  th e  r a t e  o f  d im e r iz a t io n  o r  
p o ly m e r iz a t io n ,  a s  d i s c u s s e d  below . The s u b s t i t u e n t s  r a i s e  th e  
LUMO e n e rg y ,  w h ich  i n c r e a s e s  th e  H0M0-LUM0 g a p ,  and r e t a r d  th e  
r e a c t i o n .  E le c t ro n - w i th d ra w in g  s u b s t i t u e n t s  w ould be e x p e c te d  to  
lo w er th e  LUMO e n e rg y  and a c c e l e r a t e  th e  r e a c t i o n .  I t  i s  n o t 
s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  a t t e m p ts  to  p re p a re  a  2 , 6 - a z u lo q u in o n e  
b e a r in g  c a rb e th o x y  g ro u p s  a t  th e  1 and  3 p o s i t i o n s  y ie ld e d  o n ly  th e  
c o r r e s p o n d in g  d i m e r . ^
The te n d e n c y  f o r  d im e r iz a t lo n  a n d /o r  p o ly m e r iz a t io n  may be 
a n a ly z e d  i n  te rm s  o f  th e  i n t e r a c t i o n  betw een th e  HOMO o f  one 
m o le c u le  w i th  th e  LUMO o f  th e  o th e r*  As b e f o r e ,  th e  r a t e  o f  
d im e r iz a t lo n  s h o u ld  be g r e a t e s t  f o r  th o s e  a z u lo q u in o n e s  w i th  th e  
s m a l l e s t  HOMO-LUMO g a p s ,  o th e r  f a c t o r s  b e in g  e q u a l .  C o n s i s te n t  
w i t h  th e  p r e v io u s  p r e d i c t i o n s  o f  h ig h  s t a b i l i t y  f o r  15-AQ and
17-AQ, th e s e  q u ln o n e s  a r e  i n d i c a t e d  to  have  th e  l a r g e s t  HOMO-LUMO 
g a p s . The o th e r  a z u lo q u in o n e s  a r e  n o t g ro u p ed  In  any o b v io u s  
p a t t e r n ,  a s  f o l lo w s :
15 > 17 > 47 > 18 > 26 > 45 > [ 2 4 , 5 6 , 1 4 ]  > [1 2 ,1 6 ]
I t  I s  p ro b a b ly  n o t a c c i d e n t a l  t h a t  th e  fo u r  known n a p h th o q u in o n e s  
a r e  th o s e  w i th  th e  l a r g e s t  HOMO-LUMO g a p s .  In  f a c t ,  th e y  w ere
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p re p a re d  and c h a r a c te r i z e d  in  o rd e r  a c c o rd in g  to  th e  m agn itude  of 
t h e i r  HOMO-LUMO g a p s :  14-NQ50 (1 8 7 3 , 8 .4 6  eV) ,  12-NQ5 1  (1877 ,
8 .1 6  eV) ,  26-NQ52 (1 9 0 7 , 8 .0 1  eV) ,  and 3 , 7 - d i - t e r t - b u ty l-1 5 -N Q 40 
(1 9 7 5 , 7 .6 7  eV) .
The m agn itude  o f  th e  HOMO-LUMO gap i s  r e l a t e d  to  th e  energy  
o f  th e  t r a n s i t i o n , 5 5  and  t h e r e f o r e  to  th e  c o lo r  o f  th e s e
q u ln o n e s . The n a p h th o q u in o n e s  ra n g e  in  c o lo r  from  c a n a ry  y e llo w  fo r
14-NQ t o  o ran g e  fo r  12-NQ t o  re d  f o r  th e  e x te n d e d  26-NQ and  15-NQ, 
i n  c o r r e c t  ag reem en t w ith  th e  o rd e r  o f  t h e i r  HOMO-LUMO g a p s . A 
co m p a riso n  o f  th e  c a lc u l a t e d  HOMO-LUMO gap s in  th e  a z u lo q u in o n e s  
s u g g e s t s  t h a t  th e s e  compounds w i l l  a l s o  ran g e  in  c o lo r  from  y e llo w  
t o  o ran g e  to  r e d .
None o f  th e  n o n - c l a s s i c a l  q u ln o n e s  a t  th e  bo ttom  o f  e i t h e r  
F ig u re  1 o r  2 have  e v e r  been i s o l a t e d .  No s im p le  K ekule s t r u c tu r e  
can  be draw n f o r  any o f  t h e s e ,  and we e x p e c t th e s e  compounds to  
have  l e s s  f a v o r a b le  h e a ts  o f  fo rm a tio n , and s m a l le r  HOMO-LUMO gaps 
due to  h ig h e r  ly in g  HOMOs and low er ly in g  LUMOs, com pared to  th e  
c l a s s i c a l  q u ln o n e s . The MINDO/3 r e s u l t s  a re  c o n s i s t e n t  w ith  th e s e  
e x p e c t a t i o n s .  T h u s, th e  n o n - c l a s s i c a l  q u ln o n es  a r e  a l l  p r e d ic te d  to  
s u f f e r  ea sy  d i m e r iz a t lo n ,  p o ly m e r iz a t io n ,  n u c le o p h i l i c  r e d u c t io n ,  
and r e d u c t io n .  Two a z u lo q u in o n e s  y i e l d  u n u su a l r e s u l t s  w orthy  o f 
n o te .  25-AQ i s  n o t  an e n e rg y  minimum, b u t c o l l a p s e s  to  a 
t r i c y c l i c  s t r u c t u r e ,  a s  i n d ic a te d  in  F ig u re  2* The r e s u l t s  fo r
13-AQ a r e  p a r t i c u l a r l y  i n t r i g u i n g .  E x am in a tio n  o f  th e  MINDO/3 
geom etry  and th e  H ifckel c h a rg e  d e n s i ty  p a t t e r n 2® s u g g e s t s  th a t
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13-AQ c a n  b e s t  be p i c t u r e d  a s  shown:
0
I t  I s  d i f f i c u l t  t o  c o n c e iv e  o f  any  n o n - c l a s s i c a l  q u in o n e  w ith  a 
m ore s t a b i l i z e d  z w i t t e r i o n i c  fo rm  th a n  t h i s  one in  w h ich  b o th  
r i n g s  have  a ro m a tic  c h a r a c t e r .  13-AQ i s  p r e d i c te d  to  have th e  
m ost f a v o r a b le  h e a t  o f  f o rm a t io n ,  th e  l a r g e s t  HOMO-LUMO g a p ,  and th e  
h ig h e s t  ly in g  LUMO o f  th e  n o n - c l a s s i c a l  q u ln o n e s . Of them a l l ,  t h i s  
one h a s  th e  b e s t  ch an ce  f o r  b e in g  o b s e rv e d .
AZULOQUINONE SUMMARY
W hich o f  th e  a z u lo q u in o n e s  w i l l  be th e  m ost s t a b l e ?  MINDO/3 
h a s  c l e a r l y  p r e d i c te d  15-AQ to  have th e  m ost f a v o r a b le  h e a t o f 
f o r m a t io n ,  th e  l e a s t  s u s c e p t ib l e  to  d im e r iz a t lo n  o r p o l y m e r i z a t i o n ,  
r e s i s t a n t  to  M ic h a e l a d d i t i o n ,  and d i f f i c u l t  to  r e d u c e . The 
c l o s e l y  r e l a t e d  17-AQ p ro b a b ly  r a n k s  second  o v e r a l l .  In  g e n e r a l ,  
th e  l ,n - a z u lo q u in o n e s  a r e  more s t a b l e ,  w ith  more f a v o r a b le  h e a ts  of 
f o r m a t io n ,  h ig h e r  r e d u c t io n  p o t e n t i a l s ,  and h ig h e r  ly in g  LUMOs th a n  
th e  m ,n -a z u lo q u tn o n e s  (m f 1 ) .  T h e ir  s u s c e p t i b i l i t y  to  
d i m e r i z a t l o n  v a r i e s  c o n s id e r a b ly .  The d i f f i c u l t i e s  in  m aking a 
f i n a l ,  c o m p le te  r a n k in g  a r e  e x e m p l if ie d  by th e  fo l lo w in g  two
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I s o m e rs :  12-AQ h a s  a  low  h e a t  o f  fo rm a t io n ,  sh o u ld  be r e s i s t a n t  to  
r e d u c t io n  and n u d e o p h i l l c  a t t a c k ,  b u t  h as  a  s m a ll  HOMO-LUMO gap 
w h ich  p r e d i c t s  r a p i d  d im e r iz a t lo n .  P r e c i s e ly  th e  o p p o s i te  
p r e d i c t i o n s  a r e  made f o r  47-AQ. I t  sh o u ld  n o t d im e r iz e ,  b u t  i s  
e a s i e r  to  re d u c e  and i s  s u s c e p t i b l e  tow ard  n u c le o p h i l e s .
The p re s e n c e  o f  a  tro p o n e  r in g  seem s to  f a v o r  s t a b i l i t y .  The 
a z u lo q u in o n e s  w ith  a  tro p o n e  r i n g  o n ly  a re  more s t a b l e  th a n  th o se  
w h ic h  have b o th  a  t ro p o n e  r i n g  and a  c y c lo p e n ta d ie n o n e  r i n g .  Those 
q u ln o n e s  w h ich  c o n ta in  o n ly  a  c y c lo p e n ta d ie n o n e  r in g  a re  even  l e s s  
s t a b l e .  A p e n ta f u lv e n e  s u b u n i t  seem s even  l e s s  f a v o r a b le .  Only 
12-AQ p o s s e s s e s  none o f  th e s e  sy s te m s .
T hese  q u ln o n e s  c o u ld  e a s i l y  f in d  p r a c t i c a l  a p p l i c a t i o n s .  A 
l a r g e  number o f  q u ln o n e s  have been t e s t e d  and e x h i b i t  s i g n i f i c a n t  
a n t i tu m o r  a c t i v i t y .  ^ 4 -5 5  ^ e  w ide ra n g e  o f  p r e d i c te d  r e d u c t io n  
p o t e n t i a l s  and a l k y l a t i n g  a b i l i t i e s  f o r  th e  a z u lo q u in o n e s  and 
t h e i r  d e r i v a t i v e s  makes them  p ro m is in g  c a n d id a te s  w orthy  o f  
t e s t i n g .  The p r e p a r a t i o n  o f  te t r a c y a n o q u in o d im e th ld e  a n a lo g u e s  
w ould g r e a t l y  expand  th e  ran g e  o f  ir a c c e p to r s  a v a i l a b l e  in  th e  
s e a r c h  f o r  b e t t e r  s o l i d  s t a t e  o r g a n ic  c o n d u c to r s .
SUBSTITUENT EFFECTS ON BENZOQUINONE MOLECULAR ORBITALS
A l a r g e  q u a n t i t y  o f  in fo r m a t io n  i s  a v a i l a b l e  w hich  d e t a i l s  th e  
p r e f e r r e d  s i t e ( s )  o f  a t t a c k  by n u c le o p h i le s  on b en zo q u ln o n e s  and 
n a p h th o q u in o n e s . A num ber o f  D ie ls - A ld e r  c y c lo a d d l t i o n s  have a l s o
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been  i n v e s t i g a t e d  to  d e te rm in e  th e  r e g i o s e l e c t i v i t i e s  o f  v a r io u s  
s u b s t i t u e n t s  in  th e s e  r e a c t i o n s ,  i n c lu d in g  m e th o x y - s u b s t i tu te d  
b e n z o q u in o n e s  and n a p h th o q u in o n e s . T h is  i s  a  s tu d y  on th e  e f f e c t  
o f  s u b s t i t u e n t s  on th e  f r o n t i e r  m o le c u la r  o r b i t a l s  o f  th e s e  
q u in o n e s  to  e x p la in  and make p r e d i c t i o n s  a b o u t f u tu r e  r e a c t i o n s  
in v o lv in g  th e s e  q u ln o n e s .
F in le y ^ ®  h a s  p ro v id e d  an  e x c e l l e n t  su rv e y  o f  a d d i t i o n s  and 
c y c lo a d d i t i o n s  to  q u in o n e s . The r e s u l t s  o f  k i n e t i c  a d d i t i o n s  have 
been  sum m arized  i n  F ig u r e s  4 and 5 , a l th o u g h  exam ples o f  th erm o ­
dynam ic c o n t r o l  o f  c y c lo a d d i t i o n s  th ro u g h  a d d u c t r e a r ra n g e m e n t have 
been  o b s e rv e d . F i n l e y 's  re v ie w  may be c o n s u l te d  f o r  s p e c i f i c  
ex am p les  and g r e a t e r  d e t a i l .
B ecau se  th e  m a jo r i ty  o f  a d d i t i o n s  and c y c lo a d d i t i o n s  to  
q u in o n e s  in v o lv e  e l e c t r o n - r i c h  n u c le o p h i l e s ,  we w i l l  c o n c e n t r a te  
o u r  a t t e n t i o n  on th e  low ly in g  v a c a n t  m o le c u la r  o r b i t a l s  o f  th e  
q u in o n e s .  The LUMOs can  be u se d  i n  th e  c o n te x t  o f  f r o n t i e r  
m o le c u la r  o r b i t a l  th e o ry  to  e x p la in  th e  o r i e n t a t i o n  o f  
n u d e o p h i l l c  a d d i t i o n s .  A c c o rd in g  to  f r o n t i e r  m o le c u la r  o r b i t a l  
t h e o r y , 4 1 -4 2 ,5 6 -6 0  t ^ e r a t e  and r e g i o s e l e c t i v i t y  o f  a  m o le c u le  
w i th  a  n u c le o p h i le  i s  d o m in a ted  by th e  i n t e r a c t i o n  o f  th e  LUMO o f  
th e  m o le c u le  i n  q u e s t io n  w i th  th e  HOMO o f  th e  n u c le o p h i l e .  The 
c l o s e r  th e s e  two o r b i t a l s  a r e  i n  e n e rg y , th e  more s t r o n g l y  th e y  
w i l l  i n t e r a c t  and  th e  f a s t e r  th e  r e a c t i o n  w i l l  b e . The o r b i t a l  
o v e r la p  w i l l  be g r e a t e s t  when th e  n u c le o p h i le  i n t e r a c t s  a t  th e  
s i t e  o f  th e  l a r g e s t  LUMO c o f f i c i e n t .  The m ost n u d e o p h i l l c
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F i g u r e  4 .  Summa r y  o f  S i t e s  o f  A t t a c k  b y  N u c l e o p h i l e s  on  
S u b s t i t u t e d  B e n z o q u i n o n e s .  (D = d o n o r ,  A = 
a c c e p t o r ,  C = c o n j u g a t i n g  s u b s t i t u e n t ;  p o s i t i o n  
1  i s  t h e  m o s t  r e a c t i v e ,  f o l l o w e d  b y  2 , e t c . )
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F i g u r e  5 .  Su mma r y  o f  S i t e s  o f  A t t a c k  b y  N u c l e o p h i l e s  on  S u b s t i t u t e d  
N a p h t h o q u i n o n e s .  (D = d o n o r ,  A = a c c e p t o r ,  C = c o n j u g a t i n g  
s u b s t i t u e n t )
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te rm in u s  o f  a  d le n e  h as  th e  l a r g e s t  HOMO c o e f f i c i e n t  and sh o u ld  
becom e a t t a c h e d  to  th e  l a r g e s t  LUMO c o e f f i c i e n t  s i t e ,  even  I f  th e  
c y c lo a d d i t i o n  p r o c e s s  I s  c o n c e r t e d . ^ 2
The p r e v io u s  s e c t i o n  r e p o r t e d  th e  r e s u l t s  o f  s e m i-e m p ir ic a l  
(MINDO/3) c a l c u l a t i o n s  on b e n z o q u in o n e s , ^ 8  su p p le m e n te d  by 
a b  I n i t i o  ST0-3G c a l c u l a t i o n s  on a  few s e l e c t  c a s e s .  O nly ST0-3G 
r e s u l t s  a r e  r e p o r t e d  h e r e . ^9 B o th  m ethods g e n e r a l l y  g iv e  th e  same 
o r d e r i n g  o f  th e  h i g h - l y in g  f i l l e d  and lo w - ly in g  v a c a n t  o r b i t a l s  of 
q u in o n e s .  F u r th e rm o re ,  th e  s u b s t i t u e n t  e f f e c t s  on th e  LUMO 
c o e f f i c i e n t s  w h ich  a r e  s tu d i e d  h e re  a r e  s u f f i c i e n t l y  l a r g e  so t h a t  
a l l  th e  c o m p u ta t io n a l  m ethods g iv e  q u a l i t a t i v e l y  s i m i l a r  r e s u l t s .  
F o r  econom ic r e a s o n s ,  th e  c a l c u l a t i o n s  u t i l i z e d  a  ben zo q u ln o n e  
g e o m e try  b a sed  on th e  c r y s t a l  s t r u c t u r e , ^  w i th  s u b s t i t u e n t s  
c o m p rise d  o f  s ta n d a r d  g e o m e t r i e s ^  u ged to  r e p l a c e  one o f  th e  
h y d ro g e n s .
The two h ig h e s t  o c c u p ie d  and two lo w e s t  v a c a n t o r b i t a l s  o f 
b e n z o q u ln o n e  a r e  shown in  F ig u re  6 . T hese  it o r b i t a l s  a r e  h e a v i ly  
c o n c e n t r a te d  on th e  CC d o u b le  b o n d s . B oth  f i l l e d  o r b i t a l s  a re  tt^C 
b o n d in g  o r b i t a l s  w h ile  b o th  v a c a n t  o r b i t a l s  a r e  ttqc a n t ib o n d in g  
o r b i t a l s .  N e g a tiv e s  o f  th e  e x p e r im e n ta l  i o n i z a t i o n  p o t e n t i a l s ' " ^  
a r e  shown i n  p a r e n th e s e s  to  com pare w ith  th e  c a l c u l a t e d  o r b i t a l  
e n e r g i e s  o f  th e  o c c u p ie d  o r b i t a l s .  The f i r s t  e l e c t r o n  a f f i n i t y  
(EA) o f  b e n z o q u ln o n e ^  h a s  a l s o  been in d i c a t e d  f o r  co m p a riso n .
The e l e c t r o n  a f f i n i t y  w h ich  c o r re s p o n d s  to  p la c in g  th e  e l e c t r o n  In  
th e  se co n d  lo w e s t  u n o c c u p ie d  m o le c u la r  o r b i t a l  (SLUMO) has been
168
SLUMO
LUMO
HOMO
SHOMO
0
ii
o (7 . 82)
.. - 1.90
( 3 . 6 2 )
.33
.34
- 10 .93
( - 8 .14)
- 11.10
1 - 9 . 5 4 )
45
II
F i g u r e  6 . Some S T 0 - 3 G  tt M o l e c u l a r  O r b i t a l s  a n d  
E n e r g i e s  o f  B e n z o q u i n o n e .
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e s t im a te d  In  th e  f o l lo w in g  m anner: e th y le n e  ( e x p e r im e n ta l  EA =
- 1 .7 8  eV^&) h as  a  c a l c u l a t e d  LUMO e n e rg y  o f  8 . 6 8  eV , a c c o rd in g  to  
ST0-3G. T h is  I s  l e s s  th a n  1 eV abo v e  th e  e n e rg y  o f  th e  SLUMO o f  
b e n z o q u ln o n e . T h e r e f o r e ,  th e  second  EA o f  b en zo q u ln o n e  sh o u ld  be 
o n ly  s l i g h t l y  l e s s  n e g a t iv e  th a n  th e  EA o f  e th y l e n e .  We e s t im a te  
( c r u d e ly )  t h e  seco n d  EA o f  ben zo q u ln o n e  to  be 0 .6  eV h ig h e r  th a n  th a t  
o f  e th y l e n e .
The LUMO o f  b en zo q u ln o n e  i s  lo w ered  in  e n e rg y  to  a  l a r g e  
e x t e n t  b e c a u se  I t  i s  o f  th e  c o r r e c t  symm etry to  i n t e r a c t  w ith  th e  
c a rb o n y l  i t *  o r b i t a l s .  The SLUMO and  th e  SHOMO have a  n o d a l p la n e  
th ro u g h  th e  c a rb o n y l  o r b i t a l s ,  and a r e  th u s  i n d u c t iv e l y  lo w ered  in  
e n e rg y . The HOMO i s  lo w e re d  b o th  by In d u c t io n  and by a d m ix tu re  
w i th  th e  c a rb o n y l  tt o r b i t a l s .  H ow ever, th e s e  e n e rg y  lo w e rin g  
e f f e c t s  a r e  p a r t i a l l y  c o u n te r a c te d  due to  i n t e r a c t i o n  w ith  low er 
l y in g  tt o r b i t a l s  o f  th e  c a rb o n y l  g ro u p s . As a  p o in t  o f  r e f e r e n c e ,  
b e n z o q u in o n e  i s  a  more e l e c t r o n - d e f i c i e n t  s p e c ie s  th a n  fu m aro - 
n i t r i l e  ( I P  »  11 .1 5  eV, EA “  0 .7  eV ^^) a s  a s s e s s e d  by th e  EA.
Upon th e  a d d i t io n  o f  a  s u b s t i t u e n t ,  th e  sym m etry o f  benzo­
q u in o n e  i s  r e d u c e d , and m ix in g  o c c u rs  among th e  fo u r  it o r b i t a l s  
and  th e  o r b i t a l s  o f  th e  s u b s t i t u e n t .  The ST0-3G o r b i t a l  e n e r g ie s  
and  c o e f f i c i e n t s  f o r  s e v e r a l  m o n o s u b s t l tu te d  b e n z o q u in o n e s  a re  
g iv e n  i n  T a b le  5 . S ta n d a rd  s u b s t i t u e n t  g e o m e tr ie s  w ere u se d , 
e x c e p t  f o r  th e  m ethoxy g ro u p , w here th e  no rm al a ro m a tic  m ethoxy 
g ro u p  bond a n g le s  w ere u se d . (The a ro m a tic  C -C -0 bond a n g le  i s  
124° an d  th e  C-O-C bond a n g le  i s  1 1 8 ° ) . When s e v e r a l  s u b s t i t u e n t
T able 5 . F ro n tier  t t  M oleaular O r b ita ls  (ST0-3G) o f  Benzoqulnone and 2 -S u b s t itu te d  B enzoqu inon es.3
HOMO LUMO
Benzoqulnone e C~2 0 3 C-5 C- 6 E C-2 ( - ) c - 3 ( -)C -5 C- 6
p a re n t -8 .1 4 0 .3 4 0 .3 4 0. 34 0 .3 4 3 .82 0. 33 0 .3 3 0 .3 3 0 .33
2 -m e th y l -7 .9 7 0 . 38 0 .4 0 0 .2 9 0 .2 9 3 .91 0 .3 3 0. 32 0 .3 4 0 .3 3
2 -hydroxy -7 .7 1 0. 40 0 .5 2 0 . 1 2 0 .1 4 3 .69 0.31 0 .3 0 0 .3 6 0 .33
2 -m ethoxy -7 .4 4 0 .36 0. 54 0 . 1 2 0 .13 3 .9 6 0. 32 0 .2 8 0 .36 0 .34
2 -fo rm y l -8 .2 4 0 . 37 0 .3 8 0 .2 9 0 .2 9 3 .3 8 0 .34 0 .41 0 .2 7 0 .2 9
2 - v in y l -7 .3 2 0 .3 7 0 .4 8 0 .0 9 0 . 1 0 3. 72 0 .34 0 .3 7 0 .3 0 0. 30
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a )  G eom etrie s  were th e  same as fo r  benzoqulnone ( r e f e r e n c e  6 1 ) , e x c ep t t h a t  s u b s t i t u e n t s  in  s ta n d a rd  
g e o m e tr ie s  ( r e f e r e n c e  62) w ere s u b s t i t u t e d  fo r  one hydrogen . A d d i t io n a l  f ix e d  p a ra m e te rs :  m ethy l
d ih e d r a l  a n g le  C“C-C-H -  0 ° ; hydroxy d ih e d r a l  a n g le  C"C-0-H * 180°; m ethoxy bond a n g le s  (M3-0 « 124°, 
G-O-C ■ 118°; m ethoxy d ih e d r a l  a n g le  C-C-O-C » 0 ° ; fo rm y l d ih e d r a l  a n g le  C C -C 'O  -  0°; v in y l  d ih e d ra l  
a n g le  C"C-C“C ■* 0 ° . e  ' s  a re  o r b i t a l  e n e rg ie s  (eV) and C fs a re  th e  c o e f f i c i e n t s  a t  th e  in d lo a te d  atom.
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c o n fo rm a t io n s  w ere p o s s i b l e ,  c a l c u l a t i o n s  w ere p e rfo rm e d  to  
d e te rm in e  th e  m ost s t a b l e  c o n fo rm a t io n . A d d i t io n a l  f ix e d  
p a ra m e te r s  i n c lu d e :  m e th y l d i h e d r a l  a n g le  (C=C-C-H) ■ 180°;
m ethoxy d i h e d r a l  a n g le  (CKJ-O-C) * 0 C; h yd roxy  d i h e d r a l  a n g le  
(C -C -O -H ) -  0 ° .  The p r e f e r r e d  d ih e d r a l  a n g le s  f o r  v i n y l  and 
fo rm y l s u b s t i t u e n t s  (C_C-C*C, and  C»C-CK)) w ere  a l s o  e q u a l  to  0 ° .
F o r  th e  th r e e  d o no r s u b s t i t u e n t s ,  m e th y l ,  h y d ro x y , and 
m eth o x y , th e  HOMO c o e f f i c i e n t s  a r e  p o l a r i z e d  i n  th e  o rd e r  C3  >
Cf, _> C5  and  a r e  i n c r e a s e d  i n  th e  o r d e r  e x p e c te d  a c c o rd in g  
t o  th e  e l e c t r o n  d o n a tin g  a b i l i t y  o f  th e  s u b s t i t u e n t :  H < m eth y l < 
h yd roxy  < m ethoxy . The c o e f f i c i e n t s  o f  th e  LUMO a r e  p o l a r i z e d  in  
th e  o p p o s i t e  d i r e c t i o n  (C5  > Cg C3 ) .  The d i f f e r e n c e s  
i n  th e  p o l a r i z a t i o n  m a g n itu d e s  a r e  s m a l l ,  b u t o f  th e  same o rd e r  o f  
m a g n itu d e  a s  th o s e  w h ich  p ro d u ce  h ig h  r e g i o s e l e c t i v i t y  i n  l e s s  
com plex  e x a m p l e s . ^  A c c o rd in g  to  p e r t u r b a t io n  th e o r y ,  th e  
s e l e c t i v i t y  f o r  a t t a c k  a t  v a r io u s  p o s i t i o n s  i s  p r o p o r t i o n a l  to  th e  
d i f f e r e n c e  i n  th e  s q u a re  o f  th e  c o e f f i c i e n t s  a t  d i f f e r e n t  
p o s i t i o n s .
B o th  th e  HOMO an d  LUMO a r e  lo w ered  in  e n e rg y  by th e  fo rm y l 
s u b s t i t u e n t  w h ich  i s  an  e l e c t r o n  a c c e p to r .  The c o e f f i c i e n t s  o f th e  
LUMO a r e  p o l a r i z e d  in  th e  o r d e r  C3  > C5  > C5 , e x a c t ly  
o p p o s i t e  com pared to  th e  p o l a r i z a t i o n  c a u se d  by d o n o rs . The HOMO 
i s  p o l a r i z e d  In  th e  same d i r e c t i o n  f o r  b o th  d o n o rs  and a c c e p t o r s ,  
a n d  a l s o  i n  th e  same d i r e c t i o n  a s  th e  LUMO i n  t h i s  s p e c i e s .  T h is  
l a t t e r  e f f e c t  i s  a  r e s u l t  o f  some tt d o n a tio n  by th e  c a rb o n y l
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o r b i t a l s . ^2
A v i n y l  s u b s t i t u e n t  c a u s e s  some m ixed b e h a v io r .  The HOMO i s  
p o l a r i z e d  i n  th e  same d i r e c t i o n  a s  c a u se d  by d o n o rs  and fo rm y l 
g ro u p , I . e .  C3  > Cg > C5 * The HOMO i s  r a i s e d  in  e n e rg y , 
w h i le  th e  LUMO i s  lo w e re d  I n  e n e rg y . The p o l a r i z a t i o n  o f  th e  LUMO 
r e s e m b le s  t h a t  o b s e rv e d  f o r  a c c e p t o r s :  C5  > C5  >
The o r i g i n  o f  th e s e  p o l a r i z a t i o n s  can  be u n d e rs to o d  by 
a p p l i c a t i o n s  o f  p e r t u r b a t i o n  th e o r y ,  6 8 -69  aS shown in  an 
u n a v o id a b ly  com plex f a s h io n  i n  F ig u re  7 . S u b s t i t u e n t s  w i l l  c a u se  
t h e  g r e a t e s t  m ix in g  o f  th o s e  o r b i t a l s  w hich  a r e  c l o s e s t  i n  e n e rg y  
an d  have th e  l a r g e s t  c o e f f i c i e n t s  a t  th e  s i t e  o f  p e r t u r b a t i o n .  A 
d o n o r c a u s e s  h ig h e r  e n e rg y  o r b i t a l s  to  m ix i n t o  lo w er e n e rg y  
o r b i t a l s  in  a  n e g a t iv e  f a s h io n  a t  th e  s i t e  o f  s u b s t i t u t i o n .  Lower 
e n e rg y  o r b i t a l s  m ix i n t o  h ig h e r  e n e rg y  o r b i t a l s  i n  a  p o s i t i v e  
f a s h io n .  F o r a  d o n a tin g  s u b s t i t u e n t ,  th e  SLUMO w i l l  be m ixed i n t o  
th e  LUMO i n  a  n e g a t iv e  f a s h io n ,  r e s u l t i n g  in  an uneven d i s t r i b u t i o n  
o v e r  th e  two d o u b le  bonds i n  th e  LUMO. The LUMO i s  p o la r i z e d  
to w a rd  th e  u n s u b s t i t u t e d  d o u b le  bond. The SHOMO m ix es i n to  th e  
HOMO i n  a  p o s i t i v e  f a s h io n  ( f o r  a  d o n o r ) ,  r e s u l t i n g  i n  a 
p o l a r i z a t i o n  o f  th e  s u b s t i t u t e d  d o u b le  bond. T hese  v a c a n t - v a c a n t  
and  f i l l e d - f i l l e d  m ix in g s  c a u se  a  " s i d e - t o - s i d e "  p o l a r i z a t i o n ,  b u t 
do n o t  a l t e r  th e  r a t i o  o f  C -2  t o  C -3  o r  C-5 t o  C -6 .
S e c o n d ly , th e  donor c a u s e s  th e  HOMO and  SHOMO to  be m ixed 
i n t o  th e  LUMO i n  a  p o s i t i v e  f a s h io n .  T h is  c a u s e s  th e  LUMO 
c o e f f i c i e n t  a t  C -2 t o  be in c r e a s e d  a t  th e  e x p e n se  o f  th e  C-3
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c o e f f i c i e n t .  S in c e  th e  HOMO an d  SHOMO a r e  n e a r ly  e q u a l  i n  e n e rg y , 
th e  SHOMO d o m in a te s  th e  p o l a r i z a t i o n  a t  th e  u n s u b s t i t u t e d  d o u b le  
b o n d , b e c a u se  th e  SHOMO h a s  th e  l a r g e r  c o e f f i c i e n t s  on th e  ca rb o n  
a to m s . The c o e f f i c i e n t  a t  C -5 i n c r e a s e s  a t  th e  e x p e n se  o f  th e  C- 6  
c o e f f i c i e n t .  B o th  th e  SLUMO an d  LUMO a r e  m ixed i n t o  th e  HOMO i n  a 
n e g a t iv e  f a s h i o n ,  c a u s in g  a  p o l a r i z a t i o n  tow ard  th e  s u b s t i t u t e d  
d o u b le  bond and l a r g e r  c o e f f i c i e n t s  a t  C -3 , r e l a t i v e  to  C -2 , and a t  
C - 6 , r e l a t i v e  to  C -5 .
An a c c e p to r  c a u s e s  h ig h e r  e n e rg y  o r b i t a l s  to  mix i n t o  low er 
e n e rg y  o r b i t a l s  in  a  p o s i t i v e  f a s h io n  a t  th e  s i t e  o f  s u b s t i t u t i o n ,  
and  lo w er e n e rg y  o r b i t a l s  m ix i n t o  h ig h e r  e n e rg y  o r b i t a l s  in  a 
n e g a t iv e  f a s h io n .  T hese  m ix in g  r u l e s  r e s u l t  i n  a  r e v e r s a l  o f  th e  
t r e n d s  in  th e  LUMO c o e f f i c i e n t s  f o r  an a c c e p t o r ,  com pared to  a 
d o n o r . The LUMO becom es c o n c e n t r a te d  on th e  s u b s t i t u t e d  d o u b le  
bond , th e  c o e f f i c i e n t  a t  C -3 i n c r e a s e s ,  and th e  C-5 c o e f f i c i e n t  
becom es l a r g e r  th a n  t h a t  a t  C - 6 . The HOMO o f  2 -fo rm y lb e n z o q u ln o n e  
i s  v e ry  much l i k e  t h a t  o f  a  d o n o r - s u b s t i t u t e d  b en zo q u ln o n e  b ecause  
th e  fo rm y l g roup  can  a c t  a s  a  donor th ro u g h  i t s  c a rb o n y l  it o r b i t a l .
The v in y l  g roup  e x h i b i t s  i t s  u s u a l  d u a l  b e h a v io r .  The LUMO i s  
p o l a r i z e d  a s  e x p e c te d  f o r  an  a c c e p t o r ,  b u t  th e  c o e f f i c i e n t s  a t  C-5 
and  C- 6  a r e  i d e n t i c a l .  The HOMO i s  p o la r i z e d  a s  e x p e c te d  f o r  a 
d o n o r s u b s t i t u e n t .
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The g eo m etry  u se d  f o r  n a p h th o q u in o n e  and I t s  d e r i v a t i v e s  in  
t h e  c a l c u l a t i o n s  was e s s e n t i a l l y  t h a t  o f  b en zo q u ln o n e  to  w h ich  a 
s ta n d a r d  h e x a g o n a l b en zen e  was fu se d  ( a l l  r ^ c  "  1*40 
The s u b s t i t u e n t  g e o m e tr ie s  and d i h e d r a l  a n g le s  f o r  th e  s u b s t i t u e n t s  
a t  th e  2 - p o s l t i o n  w ere  th e  same a s  th o s e  n o te d  e a r l i e r  f o r  th e  
b e n z o q u in o n e s :  m e th y l d i h e d r a l  a n g le  C-C-C-H ** 0 ° ,  hyd roxy  d ih e d r a l  
a n g le  C»C-0-H “  1 8 0 ° , m ethoxy  d i h e d r a l  a n g le  C-C-O-C = 0 ° ,  m ethoxy 
bond a n g le s  C»C-0 * 124° an d  C-O-C “  118°, fo rm y l d i h e d r a l  a n g le  
C*C-C*0 = 0 ° ,  v i n y l  d ih e d r a l  a n g le  C=C-C>C * 0 ° . F o r s u b s t i t u e n t s  
a t  th e  5 - p o s i t i o n ,  th e  f o l lo w in g  g e o m e tr ic  c o n fo rm a tio n s  w ere 
I n d i c a t e d  to  be th e  m ost s t a b l e :  m e th y l C jq -C j-C -H  d i h e d r a l
a n g le  «  1 8 0 ° , m ethoxy C io “c 5 "0 “C d i h e d r a l  a n g le  * 1 8 0 ° , th e  
fo rm y l and  v in y l  C jq -C j-C sO  an d  C io “C5 “C=C d i h e d r a l  
a n g le s  ■ 9 0 ° . F o r s u b s t i t u e n t s  a t  th e  6 - p o s i t i o n ,  th e  m e th y l g roup  
show ed e s s e n t i a l l y  no b a r r i e r  to  r o t a t i o n ,  th e  hyd roxy  and v in y l  
d i h e d r a l  a n g le s  (C5 -C 5 -O-II an d  C^-C^-C^C) -  0 ° , and 
th e  fo rm y l d i h e d r a l  a n g le  C^-Cg-CK) = 180°.
S ix  o f  th e  it o r b i t a l s  o f  n a p h th o q u in o n e  a r e  shown i n  F ig u re  8. 
The HOMO an d  TH0M0 b o th  re se m b le  th e  HOMO o f  b e n z o q u ln o n e , s in c e  
th e  benzo  f u s io n  s p l i t s  th e  l a t t e r  i n t o  two o r b i t a l s *  The SH0M0 
i s  e s s e n t i a l l y  a  p u re  b en zen e  o r b i t a l  w h ich  i s  o f  th e  wrong 
sym m etry to  i n t e r a c t  w i th  th e  h ig h - ly in g  o c c u p ie d  o r b i t a l  o f  
b enzo q u ln o n e*  ( I n  some o f  th e  s u b s t i t u t e d  d e r i v a t i v e s ,  th e
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E n e r g ie s  o f  1 ,4 -N a p h th o q u in o n e .
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p o s i t i o n s  o f  th e  HOMO a n d  SHOMO a t e  r e v e r s e d .  In  th e s e  e x a m p les , 
we w i l l  he c o n c e rn e d  w ith  th e  o r b i t a l  w h ich  re s e m b le s  th e  HOMO o f  
b e n z o q u ln o n e .)  The same p a t t e r n  I s  o b se rv e d  I n  th e  t h r e e  lo w e s t 
v a c a n t  o r b i t a l s .  B ecau se  th e  TUOMO an d  TLUMO have  th e  g r e a t e s t  
d e n s i t y  on th e  r e a c t i v e  bo n d , we have  c o n s id e r e d  th e
e f f e c t s  o f  s u b s t i t u e n t s  on th e s e  o r b i t a l s ,  a s  w e ll  a s  on th e  HOMO 
an d  LUMO. In  g e n e r a l ,  th e  HOMO an d  THOMO a r e  p o l a r i z e d  In  th e  
same d i r e c t i o n ,  a s  a r e  th e  LUMO and  TLUMO. In  th e  fo l lo w in g  
d i s c u s s i o n ,  we w i l l  r e f e r  to  th e  "HOMO" and "LUMO" w hen, in  f a c t ,  
we a r e  a l s o  c o n s id e r in g  b o th  r e l e v a n t  f i l l e d  o r v a c a n t  o r b i t a l s .  
The c a l c u l a t i o n s  a r e  sum m arized  In  T a b le  6 . The o r b i t a l  
c o e f f i c i e n t s  g iv e n  a r e  f o r  th e  m ost s t a b l e  r o ta m e r ,  e x c e p t  f o r  
5 -h y d ro x y n a p h th o q u in o n e , w here r e s u l t s  have been  in d i c a t e d  fo r  
b o th  a  sy n  a n d  a n t i  c o n fo rm a t io n . The syn c o n fo rm e r  I s  more 
s t a b l e  by 6 . 6  k c a l /m o le  th a n  th e  a n t i  c o n fo rm e r , and th e  o r b i t a l  
e n e r g i e s  r e f l e c t  th e  i n t r a m o le c u la r  h y d rogen  b o n d in g  w h ich  can 
o c c u r  in  th e  syn  c o n fo rm a t io n .
The p o l a r i z a t i o n  o b s e rv e d  in  th e  s u b s t i t u t e d  d o u b le  bond 
c o e f f i c i e n t s  f o r  th e  b e n z o q u ln o n e s  i s  a l s o  o b s e rv e d  f o r  th e  2 -  
s u b s t i t u t e d  n a p h th o q u in o n e s . Donor s u b s t i t u e n t s  (m e th y l ,  h y d ro x y , 
and  m ethoxy) r a i s e  th e  o r b i t a l  e n e r g i e s  in  th e  e x p e c te d  o r d e r  o f 
e l e c t r o n  d o n a tin g  a b i l i t y  and p o l a r i z e  th e  HOMO an d  THOMO to w ard  
th e  u n s u b s t i t u t e d  p o s i t i o n ,  e x c e p t  f o r  hydroxy w h ich  lo w e rs  th e  
LUMO an d  TLUMO e n e r g i e s ,  s im i l a r  to  th e  b e n z o q u ln o n e s . The LUMO
Table 6 .  F r o n tie r  t t  M olecular O r b ita ls  (ST0-3G) o f  Naphthoquinone and S u b s titu te d  Naphthoquinones8
THOMO HOMO ( o r  SH0M0) LUMO TLUMO
1 ,4 -N ap h th o - e 
q u lnone
C-2 C-3 £ C-2 C-3 e C-2 C-)C-3 e C-2 < -)C -3
p a re n t  - 8 .7 8 0 .51 0 .5 1 - 7 .5 3 0 .1 8 0 .1 8 4 .15 0 .3 3 0. 33 7 .0 8 0 .4 8 0 .4 8
2 -m e th y l -8 .4 6 0 .4 8 0 .51 -7 .4 6 0 . 2 1 0 . 2 2 4 .2 3 0 .3 3 0 .3 2 7 .17 0 .4 8 0 .47
2 -hydroxy  -8 .0 9 0 .2 9 0 .4 0 - 7 .4 4 0 .33 0 .41 4 .0 3 0 .3 0 0 .3 0 7 .1 0 0 .4 8 0 .45
2-m ethoxy -7 .9 0 0 . 2 1 0 .35 - 7 .2 2 0 .3 2 0 .4 6 4 .2 8 0 .31 0 .2 8 7. 26 0 .4 9 0 .4 5
2 - fo rm y l - 8 . 6 6 0. 46 0 .4 8 -7 .6 7 0 .1 9 0 .1 9 3. 70 0 .35 0 .4 2 6 .18 0 .14 0 .35
2 - v ln y l  -7 .7 6 0 .16 0 . 2 2 - 7 .1 6 0 .34 0 .4 4 4 .0 3 0 .35 0 .3 8 6 .4 5 0 .2 6 0 .42
5 -m e th y l - 8 .7 5 0.51 0 .51 -7 .4 7 0 .1 6 0 .1 7 4 .1 9 0 .33 0. 33 7 .13 0 .49 0. 48
5 -h y d ro x y l - 8 .7 8 0 .49 0 .4 9 - 7 . 59e 0 . 2 2 0 . 2 2 4 .1 9 0 .31 0 .3 3 7.01 0 .4 8 0 .4 8
5-m ethoxy - 8 .7 0 0 .4 9 0 . 49 -7 . 49e 0 . 2 1 0 . 2 1 4 .2 8  . 0 .31 0 .3 3 7 .12 0 .4 9 0 ,4 8
5 -fo rra y l°  -9 .0 3 0 .51 0. 51 - 7 .  83e 0 .14 0 .1 3 3.81 0 .3 4 0 .31 6 . 8 6 0 .4 8 0 .4 8
5- v i n y l 0  - 8 .7 7 0. 50 0 .5 0 -7 .5 1 0 .1 8 0 .1 8 4 .1 7 0 .33 0. 33 7 .09 0 .4 8 0 .4 8
5 -h y d ro x y l - 9 .0 4 0. 51 0 .5 2 - 7 . 82e 0 .1 4 0 .15 3 .80 0 .35 0. 32 6 .89 0 .4 9 0 .4 8
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Table 6 . (co n tin u ed )
. , 4-N aphtho­
quinone
TH0H0 HOMO ( o r  SH0M0) LUMO TLUMO
■ e • C-2 C-3 e C-2 C-3 e C-2 ( - )C -3 e C-2 ( “ )C-3
6 -m eth y l - 8 . 6 6 0.51 0.51 -7 .3 1 0 .1 3 0 .14 4 .21 0 .3 4 0 .3 3 7 .13 0 .4 8 0 .4 8
6 -hydroxy - 8 . 6 8 0 .49 0 .5 0 - 7 . 97e 0 .15 0 . 1 2 4 .1 2 0 .34 0 .3 3 7.11 0 .49 0 .47
6 -m ethoxy -8 .5 5 0 .4 8 0 .5 0 - 7 . 8 6 e 0 .1 5 0 . 1 1 4 .21 0 .3 5 0 .3 3 7. 23 0 .4 9 0 .4 7
6 -fo rra y l - 8 . 8 6 0 .50 0. 50 -7 .5 9 0 .15 0 .15 3 .82 0 .2 8 0 .2 9 6 .41 0 .2 9 0 .4 0
6 -v ln y l -8 .5 2 0 .4 6 0 .4 8 - 7 . 75e 0 .1 5 0 . 1 2 4 .10 0 .31 0 .31 6 . 72 0 .3 3 0 .43
a )  S u b s t i tu e n t  g e o m e trie s  and d ih e d r a l  a n g le s  fo r  th e  2 - s u b s t l t u e n t s  were th e  same a s  th o se  d e s c r ib e d  In 
th e  f o o tn o te  to  T ab le  5. 5 -M ethy lnaph thoqu lnone  ( d ih e d r a l  a n g le  C (10)-C (5 )-C -H  ** 180°) i s  5 .9  
k o a l/m o le  more s ta b le  th an  th e  d ih e d r a l  a n g le  ■ 0°; th e  5-m ethoxy I s  a n t i ; th e  6 -m e th y l group has 
e s s e n t i a l l y  no b a r r i e r  to  r o t a t i o n ;  th e  6 -h y d ro x y  and 6 - v ln y l  a re  a n t i ; and th e  6 - fo rm y l  i s  syn .
Table 6 . (co n tin u ed )
b) The 5 -hydroxy  s u b s t i tu e n t  I s  a n t i  ( d ih e d r a l  a n g le  C (1 0 )-C (5 )-0 -H  = 180°).
c )  The 5 -fo rra y l and 5 - v in y l  s u b s t i t u e n t s  a re  p e rp e n d ic u la r  and a re  1 .2  and 3 .1  k c a l /m o le ,  r e s p e c t iv e ly ,  more 
s t a b l e  th a n  th e  a n t i  c o n fo rm ers .
d ) The 5 -hydroxy s u b s t i tu e n t  i s  syn ( d ih e d r a l  a n g le  = 0 ° ) .
e )  T h is  i s  th e  SHOMO, b u t c o rre sp o n d s  in  shape to  th e  benzoqulnone HOMO* The SH0M0 i s  n e a r ly  d eg en era te*
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and  TLUMO c o e f f i c i e n t s  I n d i c a t e  a  p o l a r i z a t i o n  to w ard  th e  
s u b s t i t u t e d  p o s i t i o n .
The fo rm y l g ro u p  lo w e rs  th e  HOMO an d  LUMO e n e r g i e s  and 
p o l a r i z e s  b o th  th e  HOMO a n d  LUMO I n  th e  same d i r e c t i o n ,  tow ard  th e  
u n s u b s t i t u t e d  p o s i t i o n ,  c o n s i s t e n t  w i th  th e  b e n z o q u ln o n e  r e s u l t s .  
The v i n y l  g ro u p  a l s o  e x h i b i t s  th e  d u a l  b e h a v io r  o b s e rv e d  e a r l i e r .  
The HOMO e n e rg y  i s  r a i s e d ,  th e  LUMO e n e rg y  i s  lo w e re d , and  th e  
c o e f f i c i e n t s  a r e  b o th  p o l a r i z e d  away from  th e  s i t e  o f  a t ta c h m e n t .
T e m p o ra r i ly  e x c e p t in g  th e  Byn-5 -h y d ro x y n a p h th o q u ln o n e  
c o n fo rm e r  w h ich  h a s  an  in t r a m o le c u la r  h y d ro g en  bo n d , s u b s t i t u e n t s  
a t  th e  5 - p o s i t i o n  have  th e  same e f f e c t  a s  s u b s t i t u e n t s  a t t a c h e d  
d i r e c t l y  to  th e  b e n z o q u ln o n e  n u c le u s  a t  w hat w ould be c o n s id e r e d  
th e  9 - p o s l t l o n  o f  n a p h th o q u in o n e  ( i . e .  m e ta  to  th e  5 - p o s i t l o n ) .  
S i m i l a r l y ,  a  s u b s t i t u e n t  a t  th e  6 - p o s i t i o n  I s  e q u iv a l e n t  to  a  
s u b s t i t u e n t  a t t a c h e d  to  th e  b en zo q u ln o n e  n u c le u s  a t  th e  
1 0 - p o s i t i o n  o f  n a p h th o q u in o n e . The s t r u c t u r e s  show th e  a n a lo g y  
be tw een  a  r e s o n a n c e  donor a t  th e  2 - p o s l t l o n  o f  b e n z o q u ln o n e  and 
th e  5 -  and  6 - p o 6 i t l o n s  o f  n a p h th o q u in o n e .
I
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D onors a t  C-5 c a u s e  a  sm a ll I n c r e a s e  in  th e  C-3 c o e f f i c i e n t s  
i n  th e  LUMO, e x c e p t  fo  5 -m e th y l w h ich  shows no p o l a r i z a t i o n  in  th e  
c o e f f i c i e n t s .  5 -F orm yl I n c r e a s e s  th e  C -2  c o e f f i c i e n t  i n  th e  LUMO. 
The I n f lu e n c e  o f  5 - v in y l  i s  to o  sm a ll  to  be n o te d  h e r e ,  w h ich  i s  
c o n s i s t e n t  w i th  th e  LUMO r e s u l t s  f o r  2 -v ln y lb e n z o q u in o n e *  (The 
LUMO o f  a n t i - 5 -v in y ln a p h th o q u in o n e  i s  s l i g h t l y  p o l a r i z e d  tow ard  
C -2 . )
D onors a t  C -6 I n c r e a s e  th e  C -2 c o e f f i c i e n t s  in  th e  v a c a n t 
o r b i t a l s ,  and th e  e f f e c t  i s  s l i g h t l y  l a r g e r  th a n  th e  e f f e c t  cau sed  
by d o n o rs  a t  C -5 . The 6 - fo rm y l and 6 - v in y l  g ro u p s  i n c r e a s e  th e  C-3 
c o e f f i c i e n t s  in  th e  LUMO. T hese r e s u l t s  a r e  c o n s i s t e n t  w i th  th e  
e a r l i e r  r e s u l t s ,  u s in g  th e  re s o n a n c e  p i c t u r e  a b o v e .
J u g lo n e  (5 -h y d ro x y n a p h th o q u in o n e )  i s  a  s p e c i a l  c a s e  in  
n u c l e o p h i l i c  a d d i t i o n s  and c y c l o a d d i t i o n s , ^ - ^  b e c a u se  o f  i n t r a ­
m o le c u la r  hy d ro g en  b o n d in g . C o n s t r a in in g  th e  hyd roxy  g roup  to  th e  
a n t i  c o n fo r m a t io n , w here h y d ro g en  bond ing  to  th e  p e r i  c a rb o n y l  i s  
im p o s s ib le ,  th e  hyd roxy  g ro u p  b eh av es a s  a  d o n o r , w h ich  i s  
r e f l e c t e d  in  th e  o r b i t a l  c o e f f i c i e n t s  and e n e r g i e s ,  p a r t i c u l a r l y  
f o r  th e  v a c a n t  o r b i t a l s .  H ow ever, th e  syn c o n fo rm a tio n  i s  6 .6  
k c a l /m o le  more s t a b l e ,  due to  th e  h y d ro g en  b o n d in g , and th e  
hyd roxy  g roup  a c t s  a s  an  a c c e p t o r ,  due to  e l e c t r o s t a t i c  a t t r a c t i o n  
b e tw een  th e  p a r t i a l l y  p o s i t i v e  p ro to n  and th e  c a rb o n y l  oxygen . A ll  
th e  o r b i t a l s  a r e  s t a b i l i z e d ,  and th e  LUMO c o e f f i c i e n t s  a r e  
p o l a r i z e d  tow ard  C -2 .
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H aving  d e s c r ib e d  th e  f r o n t i e r  m o le c u la r  o r b i t a l s  o f  
s u b s t i t u t e d  b e n z o q u ln o n e s  and n a p h th o q u in o n e s , we now tu r n  to  
a p p l i c a t i o n s  o f  th e s e  g e n e r a l i z a t i o n s  f o r  u n d e r s ta n d in g  and 
p r e d i c t i n g  r e g l o s e l e c t i v i t l e s  o f  n u c l e o p h i l i c  a d d i t i o n s  and 
c y c lo a d d i t l o n s  to  q u in o n e s .
The LUMO p o l a r i z a t i o n s  o f  b e n z o q u ln o n e s  and n a p h th o q u in o n e s  
p a r a l l e l  n u c l e o p h i l i c  r e a c t i v i t y :  th e  s i t e  w i th  th e  l a r g e s t  LUMO 
c o e f f i c i e n t  i s  th e  p o s i t i o n  m ost r a p i d l y  a t t a c k e d  by n u c le o p h i le s  
o r  by th e  more n u c l e o p h i l i c  te rm in u s  o f  e l e c t r o n - r i c h  d ie n e s ,^ ®  
c f .  F ig u r e s  4 an d  5 . The s o le  e x c e p t io n  to  t h i s  in v o lv e s  th e  s i t e  
o f  donor s u b s t i t u t i o n ,  w h ich  i s  a lw ay s l e s s  r e a c t i v e  th a n  p r e d i c te d ,  
b a se d  on th e  LUMO c o e f f i c i e n t s .  I t  has been  s u g g e s te d  p r e v io u s ly  
t h a t  th e s e  s i t e s  a r e  d e a c t iv a t e d  due to  s e c o n d a ry  o r b i t a l  
i n t e r a c t i o n s  ( d i r e c t  r e p u l s i v e  I n t e r a c t i o n s )  w h ich  o c c u r  be tw een  
th e  donor s u b s t i t u e n t  and th e  a t t a c k i n g  n u c le o p h i le .  ?5 -7 6
F o r  econom ic r e a s o n s ,  s ta n d a r d  q u in o n e  g e o m e tr ie s  w ere used  
i n  th e s e  c a l c u l a t i o n s .  We have i n v e s t i g a t e d  2 -m e th o x y b en zo q u in o n e  
m ore th o ro u g h ly  to  e x p lo r e  th e  s i g n i f i c a n c e  o f  s u b s t i t u e n t s  on 
g e o m e tr ie s  and c o e f f i c i e n t s .  F ig u re  9A shows th e  s ta n d a r d  geom etry  
o f  2 -m e th o x y b e n z o q u in o n e , a lo n g  w ith  th e  c o r r e s p o n d in g  LUMO 
c o e f f i c i e n t s  and tt and  t o t a l  c h a rg e s .  T h is  s t r u c t u r e  was f u l l y  
o p t im iz e d  by MINDO/3. U sing  t h i s  g e o m e try , th e  c a rb o n y l  bond 
l e n g t h s  w ere o p tim iz e d  by ST0-3G, s in c e  th e s e  l e n g th s  a r e
Bond Lengths LUMO Coefficients
+.51
1.22
- .3 3
MeOMe
1.32 1.32
+.28 +.36
1 .48
+.30
1.22
7T -Charges
+.01
+.03
Me
T o ta l  C h arg es
0 - 1 9  
+.18
+.13
- .1 3
+.18  
0 - . 2 2
0 +-50 
1 - 3 41.54 1.50 MeO-
-.34
+.27
Me - .3 3
1.37 1.35
B +. 36
1.51
1.23
0 - 11
+.07
+.08
.00
+.03
.07
.07
. 0 7 ’
.07
F ig u re  9 . G e o m e trie s , LUMO C o e f f i c i e n t s ,  and tt and T o ta l  C harges o f  2-M ethoxybenzoquinone.
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s y s t e m a t i c a l l y  d i f f e r e n t  by th e  two m eth o d s . T h is  o p t im iz a t io n  
le n g th e n s  th e  C -2 , C -3 bond , and s h o r te n s  th e  C -3 , C-4 bond 
l e n g t h s ,  F ig u re  9B, i n  a g reem en t w i th  e x p e c t a t i o n  b a sed  on 
re s o n a n c e  d e l o c a l i z a t i o n  by th e  m ethoxy g ro u p . T h e re  i s  an 
i n c r e a s e  i n  th e  p o l a r i z a t i o n  o f  th e  LUMO a n d  in  th e  s e p a r a t i o n  o f 
it c h a r g e s ,  w i th  d o n a tio n  tow ard  th e  C-4 c a r b o n y l ,  a s  s u g g e s te d  by 
r e s o n a n c e  th e o r y .
As d e s c r ib e d  e a r l i e r ,  th e  e x te n t  o f  c h a r g e - t r a n s f e r  
s t a b i l i z a t i o n  upon i n t e r a c t i o n  o f  a  n u c le o p h i le  HOMO w ith  th e  
q u in o n e  LUMO a t  any p o s i t i o n  i s  p r o p o r t io n a l  to  th e  s q u a re  o f  th e  
c o e f f i c i e n t  a t  t h a t  p o s i t i o n .  At th e  5 - ,  6 - ,  and 3 - p o s l t i o n s ,  th e  
LUMO c o e f f i c i e n t s  s q u a re d  a r e  0 .1 3 ,  0 .1 1 ,  and 0 .0 8 ,  in  th e  same 
o r d e r  a s  th e  o r d e r  o f  a t t a c k  by n u c le o p h i le s  ( c f .  F ig u r e s  4 and  
5 ) .  Upon i n t e r a c t i o n  w ith  a n u c le o p h i le ,  th e  g e o m e tr ic a l  
d i s t o r t i o n s  and c o e f f i c i e n t  p o l a r i z a t i o n s  w i l l  f u r t h e r  in c r e a s e  
t o  m axim ize bo n d in g  and m in im ize  a n t ib o n d in g  i n  th e  p a r t i a l l y  
o c c u p ie d  LUMO.
R esonance  th e o ry  a rg u m e n ts  have been  u sed  p r e v io u s ly  to  
r a t i o n a l i z e  th e  6 l t e  o f  a t t a c k  by n u c le o p h i le s  on q u ln o n e s  and th e  
r e g l o s e l e c t i v l t y  o f  D ie ls - A ld e r  r e a c t i o n s  o f  s u b s t i t u t e d  q u ln o n es  
w ith  u n sy m m e tr ic a l d i e n e s . ^ l - ?^ Donor s u b s t i t u e n t s  s e l e c t i v e l y  
th e  e le c t r o n - w i th d r a w in g  a b i l i t y  o f  one o f  th e  c a rb o n y l  g ro u p s 
th ro u g h  r e s o n a n c e ,  so  t h a t  a t t a c k  o c c u rs  6 to  th e  o t h e r ,  more 
e l e c t r o n - d e f i c i e n t  c a rb o n y l ,  i . e .  a  M ich ae l a d d i t i o n .  E l e c t r o n -  
w ith d ra w in g  g ro u p s  a c t i v a t e  th e  a d ja c e n t  p o s i t i o n  by re s o n a n c e , a s
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shown below .
0
u
A
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T h is  same ty p e  o f  r e a s o n in g  may a l s o  be a p p l i e d  to  e x p la in  th e  
e f f e c t s  o f  e i t h e r  a  donor o r an  a c c e p to r  a t  th e  5 -  o r  6 - p o s i t i o n  of 
n a p h th o q u in o n e . T h is  r e s o n a n c e  th e o r y  a rgum en t w orks v e ry  
s u c c e s s f u l l y  f o r  donor o r  a c c e p to r  s u b s t i t u e n t s ,  b u t  e n c o u n te r s  
d i f f i c u l t y  t r y i n g  to  p r e d i c t  a n d /o r  r a t i o n a l i z e  th e  s i t e  o f 
r e a c t i o n  in  th e  p re s e n c e  o f  a  c o n ju g a t in g  s u b s t i t u e n t ,  s in c e  th e  
c o n ju g a t in g  s u b s t i t u e n t  can  e n te r  i n t o  b o th  a c c e p to r  and donor 
r e s o n a n c e  s t r u c t u r e s .
R esonance  th e o r y  g iv e s  p r e d i c t i o n s  o f  it c h a rg e s  i n  th e  
r e a c t a n t s ,  and p o s t u l a t e s  t h a t  n u c le o p h i l i c  a t t a c k  o c c u rs  a t  th e  
s i t e  o f  h ig h e s t  p a r t i a l  p o s i t i v e  c h a rg e .  As F ig u re  9 Bhows, th e  
s i t e s  o f  h ig h e s t  p o s i t i v e  c h a rg e  a l s o  c o rre s p o n d  to  th e  s i t e s  in  
t h e  LUMO w ith  th e  l a r g e s t  c o e f f i c i e n t s .  The s i t e s  o f  l a r g e s t
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p a r t i a l  n e g a t iv e  c h a rg e  a l s o  c o rre s p o n d  to  s i t e s  w ith  s m a ll  LUMO 
c o e f f i c i e n t s *  T h is  I s  no a c c i d e n t ,  s in c e  th e  s u b s t i t u e n t  re d u c e s  
th e  sym m etry and c a u s e s  c h a rg e  p o l a r i s a t i o n  in  p a r t  by in d u c in g  
m ix in g  o f  th e  q u ln o n e  f i l l e d  and v a c a n t  o r b i t a l s *  For e x am p le , th e  
m ethoxy s u b s t i t u e n t  c a u s e s  th e  LUMO t o  m ix i n t o  th e  HOMO i n  a  
n e g a t iv e  f a s h io n  a t  C -2 , th u s  i n c r e a s in g  b o th  th e  HOMO 
c o e f f i c i e n t s  and tt c h a rg e s  a t  b o th  C -3  and C -5 , a t  th e  e x p en se  o f 
C -2  and  C -6 . SLUMO m ix in g  i n t o  th e  HOMO ( a l s o  in  a  n e g a t iv e  
f a s h io n  a t  C -2 ) i n c r e a s e s  th e  HOMO c o e f f i c i e n t s  and it c h a rg e s  a t  
C -3  and C -6 , a t  th e  e x p e n se  o f  C-2 and  C -5 . The l a t t e r  e f f e c t  
d o m in a te s  and l e a d s  to  th e  HOMO c o e f f i c e n t s  and tt c h a rg e s  shown in  
F ig u r e  9 . A lth o u g h  th e  tt and t o t a l  c h a rg e s  a r e  a  sum o f a l l  
f i l l e d  o r b i t a l  c h a r g e s ,  th e r e  re m a in s  a  q u a l i t a t i v e  c o rre s p o n d e n c e  
be tw een  a  l a r g e  HOMO c o e f f i c i e n t ,  a  sm a ll LUMO c o e f f i c i e n t ,  and a 
l a r g e  it c h a rg e ,  and v ic e  v e r s a .  In  th e s e  m o le c u le s ,  th e r e  i s  a 
d e f i n i t e  p a r a l l e l  be tw een  re s o n a n c e  th e o ry  and f r o n t i e r  m o le c u la r  
o r b i t a l  th e o r y ,  su c h  t h a t  e i t h e r  may be u sed  r e l i a b l y  to  e x p la in  or 
p r e d i c t  th e  s i t e  o f r e a c t i o n  in  t h e s e  q u in o n es  w ith  a  n u c le o p h i le .
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